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ABSTRACT 

Experimental  and  analytical  studies  were  performed  to  investigate  the  behavior  of 
uranium  with  bacteria  in  an  anaerobic  environment.  Laboratory  studies  used  Shewanella 
putrefaciens  because  of  its  ability  to  grow  rapidly  in  aerobic  conditions  and  reduce  metals  in 
anaerobic  conditions.  Under  anaerobic  conditions,  Shewanella  putrefaciens  use  aqueous 
uranium  as  the  electron  acceptor  in  lieu  of  oxygen.  The  reduction  of  U(VI)  to  U(IV) 
removes  uranium  from  solution  and  forms  an  insoluble  compound  known  as  uraninite. 
Ultraviolet /Visible  Spectroscopy  was  used  to  analyze  uranium  ion  complexion  with  several 
oxazine  dyes  that  included  Brilliant  Cresyl  Blue,  Celestine  Blue,  and  Gallomine 
Triethoiodide.  Complexion  and  resultant  color  changes  with  U(VI)  and  U(IV)  with  the  dye 
solutions  were  tested  at  a  variety  of  pH  levels.  The  dye  behavior  was  evaluated  for  future 
use  as  a  visible  reduction  indicator  for  microbial  reduction  when  performing  direct  plating 
experiments.  These  studies  showed  the  best  visual  indicator  to  be  Celestine  Blue. 
Significant  absorbance  changes  in  the  400  to  800  nm  wavelength  range  for  Brilliant  Cresyl 
Blue  and  Gallomine  Triethoiodide  solutions  were  not  detected. 

X  Ray  Diffraction  and  Electron  Microprobe  Spectroscopy  characterized  the  solid 
precipitates  by  the  bacteria.  The  dark  black  precipitate  exhibited  visible  characteristics  of 
both  U02(s)  and  U3Os(s).  Electron  microprobe  showed  a  very  small  crystal  formed  by  the 
bacteria,  but  was  inconclusive  with  respect  to  the  elemental  composition  of  the  mineral. 
The  XRD  spectra  determined  that  precipitate  was  uranium  dioxide  U02(s). 

The  investigation  included  a  time  phased  uranium  isotope  analysis  in  the  precipitate 
and  supernatant  samples.  Thermal  Ionization  Mass  Spectrometry  (TIMS)  measured  the 
uranium  isotopic  ratio  of  238U/235U  to  determine  if  microbial  reduction  of  U(VI)  to  U(TV) 
affected  these  ratios.  The  isotopic  ratios  of  both  the  supernatant  and  precipitate  were 
measured  at  times  ranging  from  zero  to  95  hours.  An  enriched  uranium  solution  was 
created  by  dissolving  an  enriched  sample  of  U3Og(s)  in  nitric  acid.  The  U3Og(s)  was 
standard  reference  material  (SRM)  from  the  New  Brunswick  National  Laboratory,  and  was 
enriched  to  roughly  50  percent  235U.  The  results  of  the  TIMS  experiment  showed  that 
there  was  not  a  detectable  level  of  fractionation. 

Thesis  Supervisor:  Kenneth  R.  Czerwinski 
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Thesis  Reader:  Martin  Polz 

Assistant  Professor  of  Civil  and  Environmental  Engineering 


2 


Acknowledgments 


This  thesis  is  the  result  of  nearly  a  year’s  worth  of  experimental  research.  It 
is  the  product  of  the  support  and  guidance  received  from  a  very  long  list  of 
individuals.  I  would  like  to  thank  the  United  States  Army,  the  United  States 
Military  Academy,  and  the  Lord  for  the  opportunity  to  attend  graduate  school.  I 
would  especially  like  to  thank  Colonel  Raymond  Winkel,  Department  Head  of 
Physics  at  West  Point,  whose  efforts  made  this  path  in  my  Army  career  possible.  I 
wish  to  thank  Professor  Kenneth  Czerwinski  in  the  Nuclear  Engineering 
Department  at  the  Massachusetts  Institute  of  Technology  for  the  guidance  and 
support  throughout  the  research.  Professor  Czerwinski’s  encouragement  and 
thorough  knowledge  of  actinide  chemistry  provided  invaluable  guidance  throughout 
this  research.  I  would  also  like  to  thank  Professor  Martin  Polz  at  the  MIT 
Department  of  Civil  and  Environmental  Engineering  who  offered  important  insight 
on  the  microbial  selection  process,  and  whose  notable  work  on  the  reduction  of 
metals  provided  the  motivation  for  the  research  on  the  uranium  isotopes.  Lingpmg 
Kuai  and  Vanja  Klepac,  post  doctorate  and  graduate  student  in  the  microbiology 
lab  at  the  Ralph  Parson’s  Laboratory,  supplied  invaluable  assistance  preparing  the 
cultures  used  to  stimulate  the  microbial  reduction  experiments.  I  also  wish  to 
thank  Professor  Sam  Bowring,  Mark  Schmitz,  and  Kalsoum  Kabbasi  from  the 
Department  of  Earth,  Atmosphere,  and  Planetary  Sciences  at  MIT  for  devoting 
their  time  and  resources  for  the  TIMS  measurements.  A  special  thanks  goes  to 
Mark  Schmitz  for  the  long  interview  on  the  physics  and  operation  TIMS  machine, 
and  assisting  with  the  long  chemical  preparation  of  the  samples  for  TIMS  analysis. 

The  most  important  thanks  goes  to  my  wife  Anne,  and  our  children  Matthew 
Jr.  and  Daniel.  My  family’ s  love,  patience,  and  support  throughout  the  past  two 
years  provided  me  with  the  encouragement  and  stamina  required  to  complete  this 
thesis  and  my  degree. 


3 


Table  of  Contents 


Page 

Title  Page  1 

Abstract  2 

Acknowledgments  3 

Table  of  Contents  4 

List  of  Figures  7 

List  of  Tables  9 

Chapter  1:  Introduction  11 

1.1  Background  and  Motivation  11 

1.2  The  Chemistry  of  Uranium  12 

1.3  Oxidation  States  of  Aqueous  Uranium  15 

1.3.1  Tetravalent  Uranium  Ions  U(IV)  16 

1.3.2  Hexavalent  Uranium  Ions  16 

1.4  Environmental  Behavior  of  Uranium  18 

1.5  Research  Goals  19 

Chapter  2:  Application  of  Photometric  Dyes  to  Determine  23 

Local  Bacterial  Reduction 

2.1  Principles  of  UV /Visible  Spectroscopy  24 

2.2  Determining  Uranium  Concentration  Using  Arsenazo(III)  26 
by  UV/Visible  Spectroscopy 

2.2.1  Arsenazo(III)  Complexation  with  Uranium  in  29 

pH2  Buffer 

2.2.2  Arsenazo(III)  Complexation  with  Uranium  in  32 

Strong  Acid  and  pH2  Buffer 

2.2.3  Results  and  Conclusions  using  Arsenazo(III)  to  37 

Determine  Uranium  Concentration 

2.3  Photometric  Determination  of  the  Reduction  Process  with  38 
Oxazine  Dyes 

2.3.1  Oxazine  Dye  Complexation  Behavior  with  39 

Uranium  (VI) 

2.3.2  UV/  Visible  Spectroscopy  Results  with  U(VI)  42 

2.3.3  Oxazine  Dye  Complexation  Behavior  with  45 

Uranium  (IV) 

2.3.4  UV/  Visible  Spectroscopy  Results  with  U(IV)  53 

2.3.5  Comparison  of  the  Absorbance  Spectra  for  the  53 

Oxazine  Dyes  with  U(VI)  and  U(IV) 

2.4  Conclusions  56 

Chapter  3:  The  Reduction  of  Uranium  by  Bacteria  60 

3.1  Inductively  Coupled  Plasma-  Atomic  Emission  60 

Spectroscopy  (ICP-AES) 

3.1.1  Principles  of  ICP-AES  61 


4 


Chapter  4: 


Chapter  5: 


Appendix 

Appendix 


3.1.2  ICP-AES  Hardware  Specifications  64 

3.1.3  Determination  of  Uranium  by  ICP-AES  66 

3.2  Producing  Enriched  Uranium  Acetate  67 

3.2.1  Benchmarking  the  Chemical  Procedure  for  U3Os(s)  69 

3.2.2  Production  of  Enriched  Uranium  Acetate  74 

3.3  Microbiology  Experimental  Procedures  84 

3.4  Physical  Structures  of  the  Crystals  89 

3.4.1  X-Ray  Diffraction  89 

3.4.2  Scanning  Electron  Microprobe  94 

3.5  Conclusions  99 


Analysis  of  Uranium  Isotopic  Ratio  of  Precipitates  from 
Bacteria 

4.1  Background 

4.2  TIMS  Fundamentals 

4.3  Preparation  for  TIMS  Analysis 

4.3.1  Chemical  Preparation 

4.3.2  TIMS  Filament  Loading 

4.4  TIMS  Operation 

4.5  Observations 

4.6  Results  and  Conclusions 


100 

100 

102 

104 

105 
118 
123 
129 
146 


Conclusions  and  Recommendations  for  Future  Work 

5.1  Organic  Indicator  Dye  Results 

5.2  Microbiological  Work  and  Uranium  Acetate  Preparation 

5.3  Outcome  of  the  Isotopic  Fraction  Investigation 

5.4  Final  Thoughts 


150 

150 

153 

155 

157 


Chemical  Equilibrium  and  Stability  Constants 
Annex  A 

-1  Bacterial  Growth  Media 
-2  UV /Visible  Spectrometer  Instructions 
Annex  B  Arsenazo(III)  Spectra  Results 

-1  Arsenazo(III)  Experiment  One  (pH2  Buffer) 

-2  Arsenazo(III)  Experiment  Two  (4  N  HN03) 

-3  Arsenazo(III)  Experiment  Two  (pH2  Buffer) 

Annex  C  Color  Photos  Comparing  the  Visual  Change  of  the 
Oxazine  Dyes  with  U(VI) 

-1  Gallomine  Triethoiodide 
-2  Celestine  Blue 
-3  Brilliant  Cresyl  Blue 

Annex  D  Brilliant  Cresyl  Blue  Spectra  Results  with  U(VI) 
Annex  E  Celestine  Blue  Spectra  Results  with  U(VI) 

Annex  F  Gallomine  Triethoiodide  Spectra  Results  with  U(VI) 
Annex  G  ICP-AES  Concentration  of  U(IV)  Source 
Annex  H  Brilliant  Cresyl  Blue  Spectra  Results  with  U(IV) 
Annex  I  Celestine  Blue  Spectra  Results  with  U(IV) 

Annex  J  Gallomine  Triethoiodide  Spectra  Results  with  U(IV) 


159 

161 


168 


178 


182 

194 

206 

218 

221 

229 

237 


5 


Annex  K  Brilliant  Cresyl  Blue  Spectra  Comparison  of  U(VI)  245 
and  U(IV) 

Annex  L  Celestine  Blue  Spectra  Comparison  of  U(VI)  and  252 

u(iv) 

Annex  M  Gallomine  Triethoiodide  Spectra  Comparison  of  259 
U(VI)  and  U(IV) 

Appendix  3  Annex  A  New  Brunswick  Certified  Reference  Material  266 

Certificate  of  Analysis 

Annex  B  ICP-AES  Operating  Instructions  267 

Annex  C  Detailed  Media  Contents  for  Cultivating  Shewanella  270 
Annex  D  X-Ray  Diffraction  Graphs  272 

Appendix  4  Annex  A  Anion  Exchange  Resin  Behavior  for  AG1-X8  280 

Cl'  Form 

Annex  B  Order  in  the  Carousel  281 

Annex  C  Column  Chemistry  Log  282 

Annex  D  TIMS  Turret  Loading  284 

Annex  E  TIMS  Results  of  Sample  AO  288 

-1  Raw  Database 

-2  Chart  of  Isotopic  Ratios  versus  Time 
-3  Chart  of  Isotopic  Ratios  versus  Temperature 
Annex  F  TIMS  Results  of  Turret  One  292 

-1  Raw  Database 
-2  Isotope  Ratio  Charts 

Annex  G  TIMS  Results  of  Turret  Two  313 

-1  Raw  Database 
-2  Isotope  Ratio  Charts 

Annex  H  TIMS  Results  of  Turrets  Three  through  Five  324 

-1  Raw  Database 
-2  Isotope  Ratio  Charts 

Annex  I  TIMS  Results  of  Turret  Six  363 

-1  Raw  Database 
-2  Isotope  Ratio  Charts 

Annex  J  Estimated  Concentration  of  the  Precipitate  Solutions  377 
Bibliography  3^9 


6 


List 


2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 


3.7 

3.8 

3.9 

3.10 

3.11 


4.1 

4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

4.10 

4.11 


of  Figures 


Page 

Uranium  Calibration  (Arsenazo(III))  31 

Spectra  Obtained  for  U-Arsenazo(III)  Calibration  Curve  32 

4.0  N  HC1  Spectra  Obtained  for  U-Arsenazo(III)  Calibration  Curve  34 
4.0  N  HC1  Uranium  Calibration 

pH  2  Spectra  Obtained  for  U-Arsenazo(III)  Calibration  Curve 
pH  2  Buffer  Uranium  Calibration 
Uraninite  Production  Photo 
ICP-AES  of  C45  (U(IV)  Source) 

Celestine  Blue  with  U(VI)  and  U(IV) 

Celestine  Blue  Complexation  with  U(IV)  and  UVI)  at  1  N  HN03 


35 

36 

37 
45 
49 

54 

55 


Coaxial  Design  of  the  ICP  Torch 

Schematic  of  the  Major  Components  of  a  Typical  ICP-AES 
Components  of  the  Spectroflame  ICP  D  ICP-AES 
Calibration  Curve  and  Concentration  Determination  for  the 
Non-Enriched  Uranium  Acetate  Solutions 
Calibration  Curve  and  Concentration  Determination  for  the 
Enriched  Uranium  Acetate  Solutions 

Calibration  Curve  and  Concentration  Determination  for  the 
Re-prepared  Enriched  Uranium  Acetate  Solutions 
Rigaku  RU300  X-Ray  Generator 
Zero  Background  Sample  Holder 

Background  and  Ka2  X-Rays  subtracted  from  the  Original 
X-Ray  Spectra. 

The  Raw  Spectra  of  the  Silicon  Sample  Holder  and 

Collodian  with  and  without  Sample 

SEM  picture  of  the  Uranium  Precipitate  by  Bacterial 

Reduction 


61 

62 

63 

73 

77 

83 

91 

92 

93 

94 
96 


Principles  of  a  Mass  Spectrometer 

Calibration  Curve  and  Concentration  Determination  for  the 
Enriched  Uranium  Acetate  Supernatant  Solutions 
Conversion  of  Uranyl  Acetate  into  Uraninite 
50  jxL  Columns  in  Draining  Stand 

Molecular  Structure  of  Styrene-Divinylbenzene  Crosslinked 

Co-Polymers  with  Attached  Groups  for  AG1 

Column  Carousel  Picture 

TIMS  Filament  Picture 

Drying  Down  Filament  Picture 

Vector  54  Thermal  Ionization  Mass  Spectrometer  Picture 
Comparison  of  Fraction  Behavior  with  the  Temperature  and 
Load  Sample  Size  in  Turret  One 
Control  Samples  CO,  C4,  C8,  and  C95 


103 

108 

109 

113 

114 

116 

120 

122 

123 

131 

133 


7 


4.12 

4.13 

4.14 

4.15 

4.16 

4.17 


Sandwich  Loading  Technique  with  U500 

Sandwich  Loading  Technique  with  U500  as  a  Function  of 

Temperature 

Test  Sample  Supernatant  Isotope  Ratios 
S95  Supernatant  and  Precipitate  Ratio  Comparison 
Calibration  Curve  and  Concentration  Determination  for  the 
Enriched  Uranium  Acetate  Precipitate  Solutions 
Comparison  of  95  Hour  Sample  Isotopic  Ratios 


135 

136 

139 

140 
142 

145 


8 


List  of  Tables 


1.1 

The  Natural  Occurrence  of  Uranium 

Page 

13 

1.2 

Uranium  Isotopes 

13 

1.3 

Radii  of  Uranium  Ions 

14 

1.4 

pH  Values  of  0.02M  Solutions  of  Uranium  Ions 

15 

2.1 

Arsenazo(III)  and  Uranium  Complexation  Data 

27 

2.2 

Observations  of  Samples  A1-B3 

27 

2.3 

Uranium  Concentration  in  pH  2  Buffer 

29 

2.4 

pH2  Buffer  Integrated  Absorbance  and  Corrected  Integrated 

30 

2.5 

Absorbance 

Uranium  Concentration  in  pH2  Buffer  and  4  N  HC1 

33 

2.6 

4  N  HC1  Integrated  Absorbance  and  Corrected  Integrated 

34 

2.7 

Absorbance 

pH2  Buffer  Integrated  Absorbance  and  Corrected  Integrated 

36 

2.8 

Absorbance 

Dye  Stock  Solutions 

39 

2.9 

U(VI)  Samples 

40 

2.10 

Qualitative  Observations  of  U(VI)  Dye  Samples 

41 

2.11 

U(IV)  Solution  Preparation 

50 

2.12 

Qualitative  Observations  of  U(IV)  Dye  Samples 

50 

2.13 

Visible  Wavelengths 

53 

2.14 

Oxazine  Dye  Results 

57 

3.1 

ICP-AES  Hardware 

65 

3.2 

ICP-AES  Setting  for  URANIUM  Method 

66 

3.3 

ICP-AES  Data  for  Non-Enriched  U308  Conversion  to 

72 

3.4 

Uranium  Acetate 

Estimated  Concentration  of  the  Non-Enriched  Uranium 

74 

3.5 

Acetate  Solution 

ICP-AES  Data  for  Enriched  U3Os  Conversion  to  Uranium 

76 

3.6 

Acetate 

pH  Measurements  of  the  Rinse  Solutions 

81 

3.7 

ICP-AES  Data  for  Re-prepared  Enriched  U3Os  Conversion 

82 

3.8 

to  Uranium  Acetate 

Summary  of  the  Steps  Involved  in  Preparing  the  Anaerobic 

85 

Media  and  the  Bacteria  for  the  Uranium  Reduction  Experiments 

3.9 

Components  of  the  Uranium  Media 

87 

3.10 

PDF  41-1422  XRD  Spectroscopic  Data  for  Uraninite 

90 

3.11 

The  Scan  Parameters  for  the  Two  XRD  Analyses  Performed 

92 

3.12 

on  the  Bacterial  Precipitate 

Peak  Intensities  of  Measured  Spectra  from  the  Bacterial 

93 

Precipitate  and  the  Reference  Values  for  Uraninite 

9 


ICP-AES  Data  for  the  Enriched  Uranium  Acetate  107 

Supernatant 

Column  Chemistry  for  Concentrating  the  Uranium  with  an  115 
Anion  Exchange  Resin 

Acid  Properties  used  in  Columns  117 

Uranium  Spike  Weights  118 

New  Brunswick  Certified  Reference  Material  Certificate  of  130 
Analysis  for  CRM  U500,  Uranium  Isotope  Standard 
Isotope  Dilution  Calculations  of  Blank  Uranium  Concentrations  134 
ICP-AES  Data  for  the  Precipitate  Solutions  in  the  1.5  mL  143 

Microcentrifuge  Tubes 

Filament  Load  Amounts  for  the  Controls  and  Test  Samples  144 


Chapter  1 


Introduction 

The  purpose  of  this  chapter  is  to  introduce  the  goals  of  the 
investigation.  Chapters  2  through  4  provide  a  detailed  description  of  the 
laboratory  method  and  equipment  used  to  gather  specific  results.  Section  1.1 
discusses  the  background  and  motivation  of  the  experimental  research. 
Section  1.2  and  1.3  present  some  pertinent  information  on  the  chemical 
behavior  and  physical  properties  of  uranium.  Section  1.4  briefly  discusses 
the  environmental  aspects  of  bacteria  and  uranium  contaminated  ground 
waters.  Section  1.5  completes  the  discussion  by  clearly  describing  the  two 
primary  investigation  goals.  The  ultimate  aim  of  this  chapter  is  to  explain 
the  motivation  for  this  research  and  outline  the  scientific  basis  for  the 
experiments. 

1.1  Background  and  Motivation 

There  are  many  uses  of  uranium  in  modern  society.  Uranium  is  used 
to  fuel  many  civilian  power  utilities  and  in  many  different  military  roles.  In 
the  early  1960s,  the  United  States  Army  began  developing  armor  piercing 
ammunition  consisting  of  depleted  uranium  (DU)  alloyed  with  other  metals. 
Density,  tensile  strength,  and  pyrophoric  properties  made  DU  munitions  an 
effective  armor  piercer.  It  was  also  considered  for  penetrators  because  it  was 
relatively  inexpensive  as  a  byproduct  from  the  enrichment  process1. 
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One  of  the  largest  firms  to  produce  depleted  uranium  products  was 
Nuclear  Metals  Incorporated  (NMI).  The  company,  now  re-named  the 
Starmet  Corporation,  is  located  in  Concord,  Massachusetts  and  specialized  in 
these  materials  from  1958  through  1985.  For  many  years,  the  company 
stored  uranium  wastes,  directly  related  from  producing  these  weapons,  in  an 
unlined  holding  basin.  There  was  a  total  of  400,000  pounds  of  uranium 
disposed  in  the  holding  basin.  In  1985,  the  basin  was  capped  because  of 
concerns  raised  about  contamination  of  the  ground  water.  Remediation  did 
not  begin  until  1997  and  the  company  is  currently  applying  for  EPA 
Superfund  site  designation  to  help  finance  the  clean  up2. 

Technical  data  on  fate  and  transport  of  the  uranium  plume  has 
primarily  been  researched  by  the  private  environmental  firm  Goldberg- Zoino 
Associates  Geoenvironmental,  Inc  (GZA).  The  site  has  also  been  the  subject 
of  many  public  and  private  university  studies.  Of  particular  concern  is  the 
effect  that  natural  anaerobic  processes  may  have  in  controlling  the 
movement  of  this  plume.  One  of  these  processes  occurs  with  subsurface 
bacteria  that  are  able  to  reduce  the  oxidation  states  of  dissolved  elements, 
such  as  sulfur  or  uranium,  as  part  of  their  metabolic  process.3 

1.2  The  Chemistry  of  Uranium 

Uranium  was  first  discovered  as  an  element  in  the  eighteenth  century 
as  an  unusual  mineral  known  as  pitchblende.  Although  it  is  considered  a 
rare  element,  there  is  more  uranium  present  in  the  earth’s  crust  than  such 
common  elements  as  silver,  mercury,  cadmium,  and  bismuth4.  The  average 
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uranium  content  in  the  earth’s  crust  is  4x  1CT6  grams  per  gram  of  soil  for  a 
total  of  about  1014  tons.  There  also  is  a  significant  amount  in  the  ocean, 
which  holds  nearly  1010  tons  of  uranium.  Table  1.1  shows  the  abundance  of 
uranium  in  nature5.  Minerals  found  in  the  environment  tend  to  be  U(IV) 


Table  1.1  The  Natural  Occurrence  of  Uranium 5 

Substance 

Concen  tra  tion 
(Mass  U/g) 

Igneous  Rocks 

4  gg 

Basalt 

0.2  gg 

Granites 

25  gg 

Sedimentary  Rocks 

2  gg 

Phosphate  Rocks 

100  gg 

Bituminous  shale 

65  gg 

Lignite 

50  gg 

Ocean  Water 

1  ng 

Table  1.2  Uranium  Isotopes:  This  chart  displays  the  synthetic  and  natural 
isotopes.  The  percentage  of  occurrence  in  nature  is  in  parenthesis.6 


Isotope 

Primary 

Half 

Decay 

Life 

Source 

228 

EC,  a 

9.3  min 

Synthetic 

229 

EC,  a 

58  min 

Synthetic 

230 

a 

20.8  days 

Synthetic 

231 

EC 

4.2  days 

Synthetic 

232 

a 

73.6  days 

Synthetic 

233 

a 

1.62x  105  years 

Synthetic 

234 

a 

2.48x  10s  years 

Natural  (0.0055) 

235 

a 

7.13x  108  years 

Natural  (0.720) 

236 

a 

2.39x  107  years 

Synthetic 

237 

B 

6.75  min 

Synthetic 

238 

r 

a 

4.50x  109  years 

Natural  (99.2745) 

239 

P 

23.5  min 

Synthetic 

240 

p 

14.1  hours 

Synthetic 

241 

P 

16.8  min 

Synthetic 

EC-Electron  Capture 

a  -Alpha  Decay 

P  -Beta  Decay 

- — 
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compounds  which  oxidize  to  U(VI)  during  environmental  weathering 
processes. 

Uranium  consists  of  a  variety  of  isotopes  that  are  listed  in  Table  1.26. 
All  the  isotopes  of  uranium  are  radioactive  to  some  extent  with  some  isotope 
half  lives  as  long  as  4  billion  years.  Natural  uranium  consists  of  uranium 
isotopes  234,  235,  and  238.  Synthetic  isotopes  are  also  shown  in  Table  1.2. 

Uranium  in  its  metallic  form  is  soft  and  silvery  white7.  Uranium  falls 
into  the  actinide  series  of  elements  in  which  the  5f  shell  is  in  the  course  of 
being  filled.  The  ground  state  electronic  configuration  of  uranium  involves 
the  six  valence  electrons  5f®,  6d\  and  7s2  7.  The  energy  levels  of  the  5f,  6d, 
and  7s  shells  are  very  close  together  and  the  order  they  are  filled  in  can  be 
erratic.  While  uranium  is  most  commonly  found  in  the  oxidation  state  of 
+6,  involving  the  loss  of  all  these  electrons,  uranium  may  also  exist  in  lower 
oxidation  states.  The  four  well-defined  oxidation  states  of  uranium  are 


Table  1.3  Radii  of  Uranium  Iond* 

ION 

IONIC  RADIUS 

u3+ 

1.03  A 

u4+ 

0.93  A 

U5+ 

0.89  A  | 

u6+ 

0.83  A 

+3(5^),  +4(5f2),  +5(5^),  and  4-6(5f°).  The  atomic  radii  of  uranium  ions  are 
in  Table  1.38. 

The  chemical  properties  of  uranium  are  determined  largely  by  the 
closeness  of  the  energy  levels  of  the  5f  and  6d  electrons.  The  5f  radius  is 
large  compared  to  the  4f  radius  corresponding  to  the  lanthanide  series.  It 
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produces  an  overlap  with  the  electron  clouds  of  close  neighbors  and  a  mixing 
of  their  ligand  wave  functions  in  aqueous  or  organic  solutions.9 

1.3  Oxidation  States  of  Uranium  in  Aqueous  Solutions 

In  aqueous  solutions,  uranium  may  occur  as  trivalent  U3+,  tetravalent 
U4+  (uranous  ion),  pentavalent  U02+,  or  the  hexavalent  U022+  (uranyl  ion). 
However,  oxidation  states  of  three  and  five  are  very  rare.  U3+  is  unstable, 
spontaneously  oxidizing  to  U4+  by  the  following  reaction  in  water14: 

U3+  +  2  H+  -»  U4+  +  H2  AG°=  -53.387  kJ/mol  (log  K=9.35) 

(Note:  The  thermodynamic  data  above  and  all  subsequent  reactions  are 
found  in  [10]  derived  from  a  standard  reference  temperature  of  298.15  K, 
standard  pressure  of  0.1  MPa,  and  1=0).  U02+  is  also  unstable  by 
disportionating  into  U4+  and  U022+  by  the  following  half  reactions: 

U02+  +  4  H+  ^  U4+  +  U022+  +  2  H20  AG°=  -34.649  kJ/mol  (log  K=2.64) 
Thus,  only  the  uranous  and  uranyl  ions  are  of  practical  importance11. 

Hydrolysis  complexes  form  with  all  ionic  uranium  species.  The  order 
of  increasing  hydrolysis  depends  on  charge  size  of  the  ion.  U4+  is  more  easily 


Table  1.4  pH  Values  of  0.02M  Solutions  of  Uranium 

Ions 

Ion 

pH 

u3+ 

2.4 

U4+ 

1.3 

uo22+ 

2.9 

hydrolyzed  compared  to  the  uranyl  ion  U022+  12.  As  a  result  of  hydrolysis, 
solutions  with  uranium  salts  tend  to  be  acidic.  PH  values  for  0.02  M 
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uranium  solutions  are  in  Table  1.4.  Equilibrium  constants  for  other  uranium 
ion  complexes  can  be  found  in  Appendix  1. 

1.3.1  Tetravalent  Uranium  Ions  U(IV) 

Uranium  (IV)  in  acid  solutions  is  present  simply  as  U4+.  Solutions  of 
U(IV)  salts  are  acidic  as  a  result  of  hydrolysis.  In  13,  the  hydrolysis 
constants  for  U4+  are  highly  dependent  on  temperature.  Hydrolysis  of  U4+ 
proceeds  by  the  following  reaction  at  standard  conditions14: 

U4+  +  H20  UOH3+  +  H+  AG°=  3.082  kJ/mol  (log  K=  -0.54) 

U(IV)  complexes  usually  form  with  a  coordination  number  of  eight. 
Ligands  coordinate  around  the  central  atom  in  a  cubic  manner.  Although 
U(IV)  has  a  coordination  number  of  eight,  in  practice  ligands  often  occupy 
not  one,  but  two  coordinate  positions.  This  is  true  for  both  U(IV)  and 
U(VI)15. 

The  oxidation  of  aqueous  uranous  ions  by  dissolved  gaseous  oxygen 
occurs  spontaneously,  but  slowly  according  to  the  following  reaction: 
2U4++2H20+02-»2U022++0H  +  !/2H2  AG°=  -528.322  kJ/mol  (log  K=40.3) 

1.3.2 Hexavalent  Uranium  Ions  U(VI) 

Almost  all  the  compounds  of  U(VI)  contain  not  the  U6+  ion,  but  the 
uranyl  group  U022+.  This  group  is  characterized  by  the  fact  that  the 
distances  between  the  uranium  and  the  two  oxygen  atoms  (1.7-  2.0  A)  are 
shorter  than  the  distances  between  uranium  and  any  other  elements  entering 
into  the  composition  of  various  compounds.  The  uranyl  group,  having  a 
linear  structure,  also  differs  from  other  groups  in  its  exceptional  chemical 
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stability;  as  a  rule,  it  enters  into  the  composition  of  the  new  compound 
unchanged.  The  strength  of  the  group  is  related  to  the  fact  that  the 
uranium  atoms  have  at  their  disposal  a  large  number  of  6d  and  5f  orbitals, 
some  of  which  remain  free  after  the  usual  covalent  bonds  between  uranium 
and  the  oxygen  atom  0=TJ=0,  have  been  formed  . 

The  exception  to  the  integrity  of  this  bonding  occurs  in  oxidation 
reactions  of  uranium  to  U(VI)  and  the  subsequent  reactions  with  halides  in 
the  absence  of  moisture.  However,  the  tendency  to  form  the  uranyl  bonding 
is  so  great  that  UF6  transforms  very  rapidly  when  water  is  present  back  to 
the  uranyl  group.  It  is  extremely  important  that  the  complex  compounds  of 
uranium  U(VI)  almost  always  preserve  this  grouping.  Thus  the  complex  ion 
U022+  and  not  U6+  is  considered  by  convention  as  the  central  ion16. 

The  structure  of  complex  formation  with  ligands  is  usually  a 
dodecahedron,  with  the  central  uranium  in  the  center,  the  two  oxygen  atoms 
perpendicular  one  above  the  plane  and  the  other  below  the  plane,  with  six 
ligand  sites  in  the  plane.  The  oxygen  atoms  are  closer  to  the  uranium  than 
any  other  ligand  bond  (2.2-3.0  A)  and  relatively  inert  in  chemical  reactions. 
Six  is  considered  the  maximum  coordination  number  for  the  uranyl  ion,  but 
it  is  not  the  only  possible  coordination  number.  The  coordination  number 
depends  on  the  size  of  the  ligands,  density  of  the  charges,  and  other  factors. 
Ligands  normally  occupy  two  coordination  sites.  Uranyl  ions  can  form  both 
cationic  and  anionic  complexes15. 

Uranyl  ions  (U022+)  also  hydrolyze,  but  not  nearly  as  much  as  U4+. 
Hydrolysis  of  U6+  proceeds  by  the  following  reaction14: 
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U022+  +  H20  -»  U02(0H)+  +  H+  AG°=  29.682  kJ/mol  (log  K=  -5.2) 
The  stability  constants  with  organic  compounds  can  be  referenced  to  the 
constants  with  humic  and  fulvic  acids.  The  stability  constants  for  pH  values 
4.0  to  6.0  range  from  10511  to  1078  for  humic  acids  and  10641  and  107  4317.  This 
indicates  the  possibility  of  strong  sorption  occurring  with  the  bacteria  cells  in 
the  relevant  biological  pH  range  of  4.0  to  8.0. 

1.4  Environmental  Behavior  of  Uranium 

Surface  waters  or  ground  waters  may  have  an  undesirable  amount  of 
dissolved  uranium  as  the  result  of  natural  processes  or  from  contamination 
from  uranium  mining  and  processing  activities.  Although  U(VI)  tends  to  be 
very  soluble  in  water,  U(IV)  substances  are  normally  insoluble.  Thus, 
microbial  reduction  of  U(VI)  has  the  potential  to  convert  uranium  from  a 
soluble  form  to  an  insoluble  form. 

There  are  many  studies  on  the  ability  of  microorganisms  to  use  certain 
metals  and  non-metals  as  part  of  their  anaerobic  respiration  process.  The 
metals  serve  as  the  electron  acceptor  in  lieu  of  oxygen  in  aerobic  processes. 
Microorganisms  that  use  these  elements  in  their  metabolic  process  can 
greatly  affect  the  fate  and  transport  of  these  metals  and  non-metals  in  the 
environment.  The  element  in  its  reduced  form  may  be  more  or  less  soluble 
than  in  its  original  oxidation  state.  For  uranium,  microbial  reduction  offers 
a  unique  method  of  removing  the  more  soluble  species  to  an  insoluble  form. 
Uranyl  ions  and  its  complexes  dominate  most  oxidizing  aquatic 
environments.  When  it  is  reduced  to  U(IV),  it  forms  U02  (s),  an  insoluble 
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mineral  commonly  known  as  uraninite.  This  inherently  natural  process 
denotes  a  unique  way  of  stabilizing  aquatic  bodies  that  are  contaminated 

with  uranium18. 

Traditional  approaches  in  environmental  microbiology  have  attempted 
to  model  these  processes.  However,  classic  isolation  techniques  tended  to  be 
heavily  biased  and  typically  only  yielded  organisms  that  grew  quickly  in  the 
culture  media  generated  in  the  laboratory.  While  there  are  isolated 
microbial  cultures  capable  of  metal  reduction,  it  is  difficult  to  characterize 
the  exact  role  the  specific  bacteria  play  in  the  actual  field  environment. 
Laboratory  studies  clearly  show  metal  reducing  bacteria  such  as  Shewanella 
putrefaction  and  Geobacter  metrallireducens  ( GS-15 )  have  the  ability  to 
remove  uranium  as  part  of  the  metabolic  reduction  process.  The  yellowish 
uranyl  solution  is  reduced  to  a  clear  solution  with  dark  black  solids  forming 
adjacent  to  cultured  bacteria  in  a  test  tube.  It  is  much  more  difficult  to  see 
this  process  in  the  soil  because  the  dark  precipitate  is  quickly  lost  among  the 
other  dark  solids  in  the  soil  matrix. 

1.5  Research  Goals 

The  purpose  of  this  investigation  is  to  better  understand  the  bacterial 
processes  with  uranium  in  the  subsurface.  The  enrichment  cultures  used 
previously  were  adopted  because  they  grew  well  in  the  high  nutrient 
concentrations  of  the  laboratory  medium.  A  better  modeling  for 
environmental  behavior  of  the  bacteria  would  be  direct  plating  soil  samples 
and  identifying  areas  where  the  reduction  of  uranium  occurs.  Identification 
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of  uraninite  production  in  the  soil  matrix  by  direct  plating  is  somewhat 
difficult. 

The  first  part  of  this  study  seeks  to  identify  a  chemical  dye  that 
complexes  with  the  uranium  metal  ions  in  solution  and  visibly  changes  color 
during  the  reduction  process.  This  research  evaluates  a  series  of  reduction 
indicating  dyes  and  selects  the  dye  that  presents  the  best  visible  color  change 
signifying  the  microbial  reduction  process  in  the  soil  matrix.  This  study 
investigates  the  behavior  of  the  dyes  at  various  pH  levels  in  aerobic  and 
anaerobic  conditions.  Ultra  violet  (UV)/  Visible  spectroscopy  will  be  used  to 
quantify  the  color  change  of  the  dye  during  the  redox  reactions.  The  dye 
should  also  be  able  to  locally  target  the  redox  reaction  thereby  identifying 
the  location  of  the  anaerobic  bacteria  in  the  soil  matrix. 

The  second  part  of  this  study  investigates  the  isotopic  ratio  of 
uranium  atoms  during  the  reduction  process.  Changing  the  isotopic  ratio  of 
an  element  is  referred  to  as  isotopic  fractionation.  It  is  normally  a  result  of  a 
kinetic  difference  in  certain  processes  for  each  isotope  based  on  its  mass. 
The  influent  uranium  solution  has  a  particular  isotopic  ratio  that  may  or 
may  not  be  the  same  as  the  ratio  in  the  reduced  uranium  solid.  There  is 
recent  evidence  of  iron  isotope  fractionation  during  a  similar  process  by 
other  researchers19.  Their  experiments  of  dissimilarity  reductive  dissolution 
of  iron  oxide  (Ferrihydrite)  by  bacteria  (Shewanella)  showed  that  biological 
organisms  could  fractionate  Fe  isotopes  by  up  to  1.3  per  mil  for  the  56Fe/54Fe 
ratio.  The  ability  for  bacteria  to  preferentially  precipitate  out  the  lighter 
isotopes  as  opposed  to  heavier  isotopes  has  not  been  investigated  with 
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uranium.  Although  the  mass  difference  is  not  as  great  as  the  iron  isotope 
mass  difference,  there  may  be  some  degree  of  fractionation.  The  isotope  235U 
is  roughly  1.28%  lighter  than  the  naturally  abundant  238U  where  as  iron 
isotope  52Fe  is  3.84%  lighter  than  54Fe.  At  a  macroscopic  level  atomic 
behavior  and  therefore  chemical  behavior  of  uranium  should  be  the  same 
regardless  of  its  isotopic  state.  If  fractionation  occurs  during  microbial 
reduction,  it  could  demonstrate  an  ability  to  naturally  enrich  a  uranium 
sample,  although  predictably  at  a  slower  rate  than  the  results  with  iron. 
The  measurement  of  the  isotopic  ratio  will  be  accomplished  using  a  Thermal 
Ionization  Mass  Spectrometer  (TIMS). 
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Chapter  2 


Application  of  Photometric  Dyes  to 
Determine  Local  Bacterial  Reduction 


The  purpose  of  this  chapter  is  to  develop  a  method  to  detect  the 
microbial  reduction  process  of  uranium  in  an  environmental  sample.  Visibly 
detecting  the  uraninite  mineral  produced  in  the  reduction  of  U(VI)  to  U(IV) 
is  difficult  in  a  soil  sample  when  isolation  procedures  or  direct  plating 
experiments  are  used.  However,  aqueous  uranium  complexes  formed  with 
organic  ligands  can  provide  a  visible  indication  of  reduction  by  evaluating 
the  absorbance  differences  of  U(VI)  and  U(IV).  Uranyl  or  uranous  ions  and 
the  complexes  that  these  ions  form  with  most  inorganic  ligands  do  not  offer 
significant  absorbance  differences  that  complexes  with  certain  organic  ligands 
present.  Therefore,  the  primary  focus  in  these  experiments  is  to  identify  a 
reduction  indicator  that  provides  a  significant  visible  color  difference 
between  the  complexes  formed  with  U(VI)  and  U(IV).  Section  2.1  provides 
a  brief  overview  on  the  theory  behind  Ultra-Violet  (UV)/Visible 
Spectrometry.  Section  2.2  provides  the  experimental  results  using  an 
organic  complexing  agent  known  as  Arsenazo(III)  to  determine  the  uranium 
concentration  in  aqueous  solutions.  Section  2.3  examines  the  color 
differences  of  three  oxazine  dyes  with  solutions  of  U(VI)  and  U(IV)  at 
various  acid  and  buffer  solutions.  Section  2.4  concludes  the  study  with  some 
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recommendations  on  using  the  dyes  in  a  media  containing  bacteria  to 
identify  localized  areas  where  microbial  reduction  of  uranium  is  occurring. 

2.1  Principles  for  UV/ Visible  Spectroscopy 

UV/Visible  Spectroscopy  is  a  method  used  to  determine  the 
concentration  of  uranium  in  a  solution  by  observing  the  absorbance  intensity 
of  light  by  uranium  complexes.  The  energy  difference  between  states  during 
molecular  or  atomic  transitions  from  one  state  to  another  are  discrete 
quantities.  Typically  these  types  of  transitions  occur  over  a  wide  range  of 
frequencies  on  the  electromagnetic  spectrum,  but  processes  involving 
transitions  of  the  valence  electrons  in  the  atomic  or  molecular  systems  are 
especially  prevalent  towards  the  longer  wavelength  area  where  visible  light 
lies.  When  this  transition  energy  difference  is  exactly  equal  to  a  specific 
frequency,  v,  that  lies  in  the  UV/  Visible  region,  it  is  either  absorbed  or 
emitted  (equation  2.1)1.  The  reflected  wavelengths  in  the  visible  range  will 
define  the  color  of  the  solution  as  viewed  by  a  person. 

hv  =  \&E\  (2.1) 

h  =  Plank  s  constant  (6.626E-34  J  s) 

AE  =  Energy  difference  between  the  initial  and  final  states, 
v  =  frequency  of  the  light  absorbed/emitted  [1/s]. 

In  UV/Visible  Spectroscopy,  the  intensity  of  the  source  at  the 
frequency  of  a  given  chromophore  (the  energy  difference  in  the  state 
transitions  of  a  given  aqueous  complex)  that  is  adsorbed  passing  through  a 
sample  solution  is  measured  to  determine  the  concentration  of  that 
chromophore  in  the  solution.  The  Beer-Lambert  law,  shown  in  equation  2.2, 
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governs  the  relationship  between  the  observed  intensity  and  the 
concentration.2 

1  =  1, 10^  (2.2) 

I  =  intensity  of  light  at  a  given  wavelength  that  passes  through 
the  sample 

I0  =  the  intensity  of  the  light  incident  on  the  sample, 
s  =  the  molar  absorption  coefficient  (or  extinction  coefficient) 
of  the  chromophore  [M'1  cm'1] 

C  =  the  molar  concentration  of  the  chromophore 
x  =  the  path  length  of  the  light  as  it  passes  through  the  sample 

By  defining  the  transmittance,  T,  as  the  ratio  of  the  intensity  of  light 
that  passes  through  the  sample  over  the  incident  intensity  (equation  2.3)  and 
the  absorbance,  A,  as  the  log10  of  the  inverse  of  the  transmittance  (equation 
2.4),  the  absorbance  can  be  related  to  the  concentration  of  the  chromophore 
by  equation  2.5. 


T  =  — 

(2.3) 

Io 

A  =  -log10T 

(2.4) 

T  =  10"a 

(2.5) 

A  =  eCx 

(2.6) 

Because  the  system  obeys  Beer  s  Law,  equation  2.5  shows  that  with  all  other 
parameters  fixed  by  the  experiment,  the  concentration  of  the  chromophore  is 
directly  proportional  to  the  observed  absorbance  intensity  at  the  wavelength 

typical  of  the  chromophore  of  interest. 

The  UV/  Visible  Spectrometer  used  in  this  experiment  was  Ocean 
Optics  Fiber  Optic  Spectrometer  Model  PC1000.  The  UV/Visible 
Spectrometer  system  consisted  of  a  deuterium/halogen  light  source,  a 
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spectrometer  (SD2000  Fiber  Optic  Spectrometer),  and  a  PC-based  computer 
data  collection  system.  LabView  4.1  for  Windows  was  used  as  the  software 
interface  with  the  hardware.  The  light  source  is  directed  into  the  solution 
through  a  standard  cuvette  sample  holder.  The  samples  are  placed  in 
polystyrene  cuvettes  (Elkay  Ultra-Vu  Model  127-1010-007,  minimum 
volume  =  3  mL,  light  path  =  10  mm),  which  are  then  placed  one  at  a  time 
in  the  cuvette  holder  (Ocean  Optics,  CUV  — ALL-FLR  sample  holder).  The 
light  source  leaves  the  source,  passes  through  the  solution,  and  returns  to 
the  spectrometer  by  optic  cables.  All  fiber  optic  cables  and  other  optics 
equipment  used  in  the  UV/Visible  Spectrometer  system  were  also  from 
Ocean  Optics,  Inc. 

A  detailed  description  of  the  exact  steps  in  using  the  UV/Visible 
Spectrometer  system  is  in  Appendix  2,  Annex  A-2.  Some  critical  software 
parameters  applied  in  the  raw  data  gathering  of  the  spectrum  were3: 

1)  Integration/ frequency.  6  (Integration  frequency  refers  to  the  number  of 
“shots”  that  are  used  to  measure  a  single  spectrum  .  In  this  case  it 
adds  counts  per  6  milliseconds) 

2)  Box  car  smoothing.  5  (boxcar  smoothing  refers  to  the  number  of 
pixels  that  are  averaged  together  into  1  bin  and  basically  specifies 
number  of  channels  per  frequency  range) 

3)  Average:  5  (average  refers  to  the  number  of  spectra  that  are  taken  and 
averaged  together  to  make  each  displayed/recorded  spectrum.  This 
adjusts  for  slight  variation  in  each  spectrum.  Higher  numbers  increase 
measurement  time.) 

4)  Absorbance:  ON 

5)  Frequency  ranger.  400-800nm 


2.2  Determining  Uranium  Concentration  using 
Arsenazo(III)  Complexation  by  UV/Visible  Spectroscopy 

The  first  organic  dye  was  not  used  as  a  reduction  indicator.  Rather 
its  purpose  was  to  determine  the  uranium  concentration  in  aqueous 


26 


solutions.  UV /Visible  Spectrometry  was  used  to  measure  the  absorbance  of 
the  complexes  formed  with  Arsenazo(III)  and  uranyl  ions  present  in  a 
bacterial  medium.  The  reason  for  this  measurement  was  to  determine  if 
uranium  remained  in  a  medium  that  when  added  to  bacteria  failed  to 

precipitate  the  black  uraninite  solid. 

As  stated  earlier,  neither  uranyl  ions  nor  its  normal  inorganic 


Table  2.1  Arsenazo(III)  and  Uranium  Complexation  Data :  This  data  from  4 
discusses  the  complexation  behavior  UV /  Visible  absorbance  parameters  of  these 

complexes. _ _ _ _ _ _ _ _ 

For  simultaneous  measurement  of  U(IV)  and  U(VI).  The  molar 
absorption  coefficients  for  the  uranium-Arsenazo(III)  complexes  are: 

Element  Conditions  of  sensitivity  Molar  Absorption  Coefficient 
Max  sensitivity  £  (L  M1  cm 1) 

U4+  4M  HCL;  1=670  nm  100000 

U022+  pH=2;  1=655  nm  53000 


complexes  have  significant  absorbance  in  the  UV/ Visible  frequency  range  for 


Table  2.2  Observations  of  A1-B3:  This  table  contains  the  information  on  the 
first  experiment  using  the  bacteria  Shewanella  putrefaciens.  There  was  no  visible 
uraninite  in  any  of  the  samples  except  possibly  the  tiny  specs  of  black  in  sample 
B2. 


Sample 

Electron 

Donor 

Electron 

Acceptor 

Visual  Observation 

A1 

NaCH3COO 

NaNOs 

Clear 

A2 

NaCH3COO 

NaN03 

Clear  supernatant  with  a  yellow 
precipitate  at  the  bottom 

B1 

NaCH3COO 

U02(CH3C00)2 

Clear  supernatant  with  a  yellow 
precipitate  at  the  bottom 

B2 

NaCH3COO 

U02(CH3C00)2 

Yellowish  tinge  to  the 
supernatant,  smaller  amount  of 
precipitate.  Mostly  white  solid 
with  dark  specs  on  the  bottom 

B3 

NaCH3COO 

Fe-citrate 

uo2(ch3coo)2 

Yellowish  tinge  to  the 
supernatant,  smaller  amount  of 
precipitate 
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direct  spectroscopy.  Arsenazo(III)  is  an  organic  compound  that  acts  as  a 
visual  complexing  agent  to  measure  the  free  uranium  in  solution.  Some 
physical  observations  using  Arsenazo(III)  complexation  with  both  U(VI)  and 
U(IV)  are  found  in  [4],  and  significant  constants  for  Arsenazo(III)  are  shown 
in  Table  2.14.  Arsenazo(III)  has  the  following  chemical  structure  shown 
below5.  From  earlier  work  in  [6],  the  concentration  of  Arsenazo(III)  must  be 
chosen  higher  than  the  uranium  concentration  to  ensure  all  free  uranium 
available  may  bind  with  the  Arsenazo(III)  ligand.  This  technique  of  ensuring 
ARSENAZO  III 

(2,2Ml,8-Dihydroxy-3,6-disulfo-2,7-naphthalene- 
bis{azo)]dibenzenearsonic  acid) 


an  overabundance  of  Arsenazo(III)  molecules  to  complex  the  uranium  in 
solution  is  further  discussed  in  [6]  and  [4]. 

The  samples  were  originally  capped  in  25  mL  glass  culture  tubes  that 
maintained  a  sealed  N2-C02  atmosphere.  Qualitative  observations  of  each 
culture  tube  and  information  on  the  primary  source  of  electron  donors  and 
acceptors  are  in  Table  2.2.  The  exact  composition  and  concentrations  of 
these  solutions  can  be  found  in  Appendix  2,  Annex  A-l.  The  pH  of  the 
entire  medium  was  adjusted  to  6. 5-7.0  with  a  1  N  HC1  solution.  Two 
samples  aimed  to  test  the  chemical  behavior  of  the  medium  without  the 
bacteria.  Another  two  samples  had  the  bacteria  and  uranium  in  the 
solution.  The  only  difference  between  these  two  samples  was  the  primary 
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electron  acceptor!  in  one  it  was  nitrate  and  in  the  other  it  was  uranyl 
acetate.  The  last  sample  was  inoculated  with  the  strain,  but  added 
approximately  10~20  mM  of  iron  citrate  to  about  1  mM  of  uranyl  acetate  to 
act  as  the  electron  acceptors. 

After  manually  shaking  each  glass  test  tube  to  suspend  all  solid  phases 
present,  the  samples  were  all  uncapped  with  a  pair  of  standard  pliers  and 
poured  into  15  mL  disposable  polypropylene  centrifuge  tubes  (Corning  model 
430052).  The  aliquots  were  centrifuged  for  30  minutes  on  a  Sigma 
laboratory  centrifuge  model  204. 

2.2.1  Arsenazo (III)  Complexation  with  Uranium  in  pH  2 
Buffer 

Nine  total  samples  in  this  experiment  were  analyzed  and  are  listed  in 


Table  2.3  Uranium  Concentration  in  pH  2  Buffer.  This  table  contains  a  list  of 
samples  and  description  of  the  method  used  to  prepare  them  with  pH  2  buffer  for 
UV/ Visible  spectroscopy. 

Sample 

Aliquot  Source 

1 

Deionized  water 

2 

Uranium  Standard  1.0  mM 

3 

Uranium  Standard  0.5  mM 

4 

Uranium  Standard  0.1  mM 

5 

A1  Supernatant 

6 

A2  Supernatant 

7 

B1  Supernatant 

8 

B2  Supernatant 

9 

B3  Supernatant 

Analysis  Solution :  4.0  mL  of  pH2  Buffer  (VWR  Lot  No:  9812123) 

0.5  mL  of  source  above 

0.5  mL  of  1.9  mM  Arsenazo  (III)  solution 
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Table  2.3.  A  1.16  mM  uranium  acetate  stock  solution  was  used  as  the  free- 


metal  uranium  source  for  this  experiment.  This  solution  was  diluted  with 


Table  2.4  Integrated  Absorbance  and  Corrected  Integrated  Absorbance:  This 
table  contains  the  absorbance,  integrated  from  625  to  670  nm,  for  the  spectra 
taken  as  part  of  the  calibration  curve  experiment.  The  corrected  integrated 
absorbance  is  determined  by  subtracting  the  blank  value  from  the  integrated 


Cuvette 

ZA  bsorbance 

Corrected 

U 

625-670  nm 

Absorbance 

Cone 

BLANK 

2.622 

0 

0  mM  (Trace) 

STD  1 

224.381 

221.758 

1.0  mM 

STD  2 

214.605 

211.983 

0.5  mM 

STD  3 

124.396 

121.774 

0.1  mM 

A1 

22.397 

0 

A2 

39.452 

17.055 

Bl 

26.234 

3.836 

B2 

74.004 

51.607 

B3 

228.252 

205.855 

deionized  water  to  make  10  mL  of  1.0  mM,  0.5  mM,  and  0.1  mM  standard 
uranium  solutions.  A  1.9  mM  Arsenazo(III)  dye  solution  (Aldrich  Chemical 
Company  Lot  No:  1668-00-4)  was  used  as  the  indicator  dye  in  this 
experiment  with  the  pH2  buffer. 

The  solution  used  for  the  analysis  consisted  of  4  mL  of  pH  2  buffer,  0.5 
mL  of  sample,  and  0.5  mL  of  Arsenazo(III)  solution,  and  were  mixed  in  a  5 
mL  polypropylene  vial.  This  mixture  was  then  transferred  into  a  3  mL 
cuvette  using  a  disposable  transfer  pipette.  The  standard  and  sample 
absorbance  spectrum  is  graphed  in  Figure  2.2.  Larger  versions  of  these 
graphs  that  separate  sample  and  standard  spectra  are  also  found  in 
Appendix  2,  Annex  B. 

The  broad  peak  centered  in  the  spectrum  between  500  and  600  nm 
represents  the  absorbance  of  the  free  or  non-complexed  Arsenazo(III).  A 
second  peak  that  develops  in  the  625  and  670  nm  range  represents  the 
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absorbance  of  the  Arsenazo(III)  complexed  to  the  uranyl  ion  (UOz2+).  To 


Uranium  Calibration  Curve 
for  Arsenazo  (III)  Experiment  One 


Figure  2.1  Uranium  Calibration-.  This  Figure  contains  the  calibration  curve 
obtained  for  the  determination  of  Uranium  by  UV /Vis  spectroscopy ,  generated 
from  the  background  corrected,  integrated  absorbance  values  given  in  Table  2.4. 


generate  a  calibration  curve,  each  spectrum  is  integrated  over  the  second 
peak  by  summing  all  of  the  absorbances  for  wavelengths  between  625  and 
670  nm.  The  integrated  value  for  the  blank  sample  is  then  subtracted  to 
give  the  corrected  integrated  absorbance  for  each  standard.  The  blank 
buffer  solution  was  used  to  remove  the  background  in  the  standards  and  A1 
was  used  to  remove  the  background  from  the  samples.  These  corrected 
absorbances  are  given  in  Table  2.4,  and  the  resulting  calibration  curve  is 
shown  in  Figure  2.1. 
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Arsenazo(IM)  Experiment 

Standards  and  Samples  in  pH2  Buffer  (Normalized) 


Figure  2.2  Spectra  obtained  for  U-Arsenazo(IIJ)  Calibration  Curve:  This  figure 
shows  the  standard  and  sample  spectra  obtained  during  the  determination  of  a 
calibration  curve  for  the  determination  of  Uranium  by  UV/Vis  spectroscopy 
using  Arsenazo(III)  as  an  indicator  dye. 


2.2.2  Arsenazo(III)  Complexation  with  Uranium  in  Strong 
Acid  and  pH  2  Buffer 

This  experiment  repeated  the  previous  procedure  with  two  important 
changes.  The  uranium  concentration  for  the  standards  was  an  order  of 
magnitude  lower  and  a  strong  acid  series  was  added,  in  addition  to  the  pH  2 
buffer  series.  The  samples  are  listed  in  Table  2.5.  A  4  N  solution  of 
hydrochloric  acid  (HC1)  was  made  from  concentrated  HCL  (J.T.  Baker,  Lot 
No:  N31067),  and  50  raL  of  1.24  mM  Arsenazo(III)  was  prepared.  The 
uranium  standards  were  made  from  a  uranium  acetate  solid  (Fisher  Scientific 
Company,  Lot  number  or  catalog  number  unavailable).  A  0.3395  mM 
solution  of  uranium  acetate  was  made  first.  Uranium  acetate  or 
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U02(CH3C00)2  breaks  down  into  free  uranyl  ions  (U022+),  acetate  ions 
(CH3COO'),  and  various  other  uranyl  and  acetate  complexes  as  a  function  of 


Table  2.5  Uranium  Concentration  in  pH  2  Buffer  and  4.0  N  HCh  This  table 
contains  a  list  of  samples  and  description  of  the  method  used  to  prepare  them 
with  pH2  buffer  for  UV/Visible  spectroscopy.  Two  separate  series  were  used  to 
prepare  these  samples  for  analysis.  Note  the  changes  in  analysis  solutions 
prepared  in  this  experiment  compared  to  those  in  Table  2.3. 

Sample 

Aliquot  Source 

1 

Deionized  water 

2 

Uranium  Standard  1.0  mM 

3 

Uranium  Standard  0.5  mM 

4 

Uranium  Standard  0.1  mM 

5 

A1  Supernatant 

6 

A2  Supernatant 

7 

B1  Supernatant 

8 

B2  Supernatant 

9 

B3  Supernatant 

Analysis 

Solution-.  2.0  mL  of  pH2  Buffer  or  4.0  N  HC1 

1.0  mL  of  source  above 

1.0  mL  of  0.1  mM  Arsenazo(III)  solution 

pH.  The  stock  solution  was  then  diluted  using  deionized  water  to  make  0.05 
mM,  0.01  mM,  and  a  0.005  mM  solutions. 

With  the  4.0  N  HC1  and  1.24  mM  Arsenazo(III)  stock  solutions,  the 
steps  described  in  Section  2.2.1  were  repeated  with  some  modifications  to  the 
mixture  procedure.  Data  from  the  previous  experiment  indicated  a  very  low 
concentration  of  uranium  in  any  of  the  samples.  To  improve  the 
measurement  of  the  unknown  uranium  concentration  in  the  samples,  only  2.0 
instead  of  4.0  mL  of  4  N  HC1  or  pH2  buffer  were  added.  Changes  were  also 
made  to  the  Arsenazo(III)  solutions.  In  this  experiment  1.0  mL  of  0.1  mM 
Arsenazo(III)  was  used  as  opposed  to  0.5  mL  of  1.0  mM.  Lastly,  the  source 
volume  was  increased  from  0.5  to  1.0  mL  from  the  samples  and  standards. 
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The  reactants  were  mixed  in  the  5  mL  vials  as  before,  and  then 


Arsenazo  Experiment  in  4N  HCI  (Normalized) 


Wavelergth 


Figure  2.3  4.0  N  HCI  Spectra  obtained  for  U-Arsenazo(III)  Calibration  Curve : 
This  figure  shows  the  standard  and  sample  spectra  obtained  during  the 
determination  of  a  calibration  curve  for  the  determination  of  Uranium  by 
UV/ Visible  spectroscopy  using  Arsenazo(III)  as  an  indicator  dye  in  4.0  N  HCI. 


Table  2.6  4.0  N  HCI  Integrated  Absorbances  and  Corrected  Integrated 

Absorbances:  :This  table  contains  the  absorbance,  integrated  from  625  to  670  nm, 
for  the  spectra  taken  as  part  of  the  calibration  curve  experiment  for  4.0  N  HCI. 
The  corrected  integrated  absorbance  is  determined  by  subtracting  the  blank  value 
from  the  integrated  absorbance. 


Cuvette 

214  bsorbance 

Corrected 

U 

625-670  nm 

Absorbance 

Cone 

BLANK 

2.227 

0 

0  mM  (Trace) 

STD  1 

7.590 

5.363 

0.05  mM 

STD  2 

4.724 

2.497 

0.01  mM 

STD  3 

4.890 

2.663 

0.005  mM 

A1 

4.639 

0 

A2 

4.429 

-0.595 

B1 

4.044 

-0.595 

B2 

4.044 

-0.595 

B3 

4.044 

-0.595 
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transferred  into  cuvettes  with  a  disposable  transfer  pipette.  The  UV/ Visible 


Uranium  Calibration  Curve  with  4.0  NHCI 


Figure  2.4  4.0  N  HC1  Uranium  Calibration-.  This  figure  contains  the  calibration 
curve  obtained  for  the  determination  of  Uranium  by  UV/Vis  spectroscopy, 
generated  from  the  background  corrected,  integrated  absorbance  values  given  in 

Table  2.6.  _ _ _ _ 

Spectrometer  analyzed  the  samples  using  the  same  parameters  as  described 
in  Section  2.1.  The  cuvettes  used  for  the  4.0  N  acid  experiment  were  a 
slightly  different  model  than  those  used  in  the  pH  2  buffer  experiment.  Any 
differences  in  the  absorbance  spectrum  are  unique  to  the  pH  2  or  the  HC1 
experiment  respectively.  Figure  2.3  shows  the  complete  spectrum  of  samples 
and  standards  with  the  4.0  N  HC1  acid  and  Figure  2.5  the  same  information 
for  the  pH  2  buffer.  The  integrate  absorbance  values  are  in  Table  2.6  for  the 
acid  and  Table  2.7  for  the  buffer.  The  Calibration  curve  for  the  4.0  N  acid 
and  pH2  buffer  are  then  plotted  in  Figure  2.3  and  Figure  2.5  respectively. 
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The  final  calculated  uranium  concentrations  for  samples  A1-B3  are  also  in 
Tables  2.6  and  2.7. 


Arsenazo  Experiment  in  pH2  Buffer 


Figure  2.5  pH2  Spectra  obtained  for  U-Arsenazo(III)  Calibration  Curve:  This 
figure  shows  the  standard  and  sample  spectra  obtained  during  the  determination 
of  a  calibration  curve  for  the  determination  of  Uranium  by  UV /Vis  spectroscopy 
using  Arsenazo(III)  as  an  indicator  dye  in  pH  2  Buffer. 


Table  2.7  pH  2  Buffer  Integrated  Absorbance  and  Corrected  Integrated 
Absorbance:  This  table  contains  the  absorbance,  integrated  from  625  to  670  nm, 
for  the  spectra  taken  as  part  of  the  calibration  curve  experiment  for  pH  2  Buffer. 
The  corrected  integrated  absorbance  is  determined  by  subtracting  the  blank  value 
from  the  integrated  absorbance. 

Cuvette 

EA  bsorbance 

Corrected 

U 

625-670  nm 

Absorbance 

Cone 

BLANK 

2.521 

0 

0  mM  (Trace) 

STD  1 

78.193 

75.671 

0.05  mM 

STD  2 

21.283 

18.762 

0.01  mM 

STD  3 

13.215 

10.693 

0.005  mM 

A1 

5.775 

0 

A2 

64.865 

59.090 

Bl 

16.080 

10.306 

B2 

33.572 

27.797 

B3 

98.747 

92.972 
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Uranium  calibration  Curve  for  pH2  Buffer  in  Experiment  Two 


Figure  2.6  pH  2  Buffer  Uranium  Calibration :  This  figure  contains  the 
calibration  curve  obtained  for  the  determination  of  Uranium  by  UV/Vis 
spectroscopy,  generated  from  the  background  corrected,  integrated  absorbance 
values  given  in  Table  2.7. 


2.2.3 Results  and  Conclusions  using  Arsenazo(III)  to 
Determine  Uranium  Concentration 

The  absence  of  any  dark  black  precipitate  in  the  samples  with  the 
uranium  media  and  the  bacteria,  and  low  uranium  concentrations  of  the 
medium  was  initially  troubling.  Further  review  of  the  medium  composition 
indicated  that  most  of  the  uranium  was  precipitating  out  as  a  phosphate 
solid,  preventing  the  bacteria  from  reducing  the  uranium  ions.  The  sample 
containing  nitrate  also  superceded  uranium  reduction  by  the  more  favorable 
reduction  of  nitrate  ions  over  the  uranyl  ions.  In  the  sample  without  nitrate, 


37 


the  localized  black  specks  in  the  bacteria  indicated  areas  in  which  the 
forward  and  reverse  rate  of  the  dissolution  of  the  uranium  phosphate  solid  at 
equilibrium  was  enough  to  cause  small,  localized  reduction  of  uranium. 

Later  reduction  experiments  were  repeated  in  medium  without 
phosphate.  These  experiments  resulted  in  the  appearance  of  a  dark  colored 
precipitate  formed  in  the  bottom  of  the  culture  tubes  with  the  bacteria.  The 
uraninite  produced  from  these  reactions  was  used  as  the  source  for  U(IY)  in 
Section  2.3.3,  was  evaluated  for  the  mineral  structure  in  Chapter  3,  and  was 
analyzed  for  the  isotopic  composition  discussed  further  in  Chapter  4. 

2.3  Photometric  Determination  of  the  Reduction  Process 
with  Oxazine  Dyes 

Three  oxazine  dyes  were  initially  chosen  to  evaluate  their  ability  to 

visibly  indicate  the  uranium  reduction  process.  These  three  oxazine  dyes 

[Gallomine  Triethoiodide  (C3oH60l3N303),  Celestine  Blue  (C17H18C1N304),  and 

Brilliant  Cresyl  Blue(C17H20ClN3O)]  were  selected  based  on  a  literature 

search  and  a  description  of  their  color  change  during  oxidation  and  reduction 

with  a  variety  of  metals  including  uranium7.  The  complexation  behavior  of 

each  indicator  dye  with  uranium  aqueous  ions  was  measured  with 

UV/Visible  Spectrometry  to  determine  wavelength  shifts  over  a  variety  of 

pH  levels  for  both  U(VI)  and  U(IV).  The  behavior  of  the  complexes  was 

evaluated  at  various  pH  values  using  a  series  of  nitric  acid  and  pH  buffer 

solutions.  Table  2.9  and  2.12  list  the  sample  and  mixture  compositions  for 

U(VI)  and  U(IV)  respectively.  U(VI)  data  was  collected  in  an  open  air 
\ 

environment  while  U(IV)  measurements  were  gathered  in  an  argon 
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environment  maintained  inside  a  glove  box.  The  source  of  U(VI)  was  the 
same  uranyl  acetate  used  to  make  the  media  added  to  the  bacteria  and 
standards  for  the  Arsenazo  experiments.  Uraninite  from  one  of  the 
reduction  reactions  was  dissolved  and  used  as  the  source  for  U(IV). 

The  oxazine  dye  mixtures  were  made  in  solutions  of  deionized  water. 
.  Gallomine  Triethoiodide  (GT)  and  Celestine  Blue  (CB)  were  purchased 
from  Aldrich  Chemical  Company  (Lot  No:  04410TS  and  65-29-2 
respectively).  Brilliant  Cresyl  Blue  (BCB)  was  purchased  from  Sigma 


Table  2.8  Dye  Stock  Solutions-. 

This  table  lists  the  mass  and  volume  used  to 

make  the  stock  solutions  for  the  indicator  dyes.  These  will  be  diluted  down  to 

ImM. 

Molar 

Mass  used 

Purity  of 

Volume  of 

Final 

Cone 

Mass 

in  Solution 

Indicator 

DI  Water 

Solution 

(g) 

(g) 

(%) 

(mL) 

(mM) 

BCB  317.8 

0.2305 

62 

50.0 

8.99 

CB  363.8 

0.2186 

80 

50.0 

9.61 

GT  891.54 

0.4228 

98 

50.0 

9.30 

Chemical  company  (Lot  No:  027H440).  Information  on  each  of  the  dyes  is  in 
Table  2.8. 


2.3.1  Oxazine  Dye  Complexation  Behavior  with  Uranium 
(VI) 

The  oxazine  dye  solutions  were  prepared  first.  A  stock  solution  of 
each  dye  was  prepared  in  sterile,  self-standing  50  mL  disposable 
polypropylene  centrifuge  tubes  (Corning  model  430921).  The  mass  and  final 
concentration  of  the  stock  solutions  are  in  Table  2.8  above.  The  stock 


39 


solutions  were  then  diluted  to  a  1.0  mM  concentration  in  separate  50  mL 
centrifuge  tubes. 

The  next  step  was  to  create  the  defined  acidic  solutions.  The  pH  1,  2, 
3,  5,  and  7  buffer  solutions  were  purchased  directly  from  VWR.  50  mL  of 
each  buffer  solution  were  transferred  into  a  50  mL  centrifuge  tube.  Then  30 
mL  of  the  strong  acid  solutions  of  1,  2,  4,  and  6  N  were  made  from 
concentrated  nitric  acid  (J.T.  Baker,  Lot  L07056).  The  last  chemical 
preparation  step  was  to  make  the  uranium  stock  solution  and  further  dilute 
to  the  1.0  mM  concentration  used  in  the  experiment. 

The  first  experiment  with  the  oxazine  dyes  analyzed  the  complexation 


Table  2.9  U(VI)  Samples-. 

This  table  shows  the  labeling  procedure  used  to 

identify  the  63  five  mL  poly  sample  bottles.  The  first  label  showed  what  acid 
series  was  used  and  the  second  label  specified  the  exact  solution  composition. 

First  Label 

Second  Label 

A  pH  1  Buffer 

1 

4  mL  acid  only 

B  pH  2  Buffer 

2 

3.5  mL  acid  +  BCB(500pl) 

C  pH  3  Buffer 

3 

3  mL  acid  +BCB(500pl)+  Uranyl 

D  pH  5  Buffer 

Solution(500pl) 

E  pH  7  Buffer 

4 

3  mL  acid  +CB(500pl) 

F  IN  HN03 

5 

3  mL  acid  +CB(500pl)+  Uranyl 

G  2  N  HN03 

Solution(500pl) 

H  4  N  HN03 

6 

3  mL  acid  +GT(500pl) 

I  6  N  HN03 

7 

3  mL  acid  +GT(500pl)+  Uranyl 
Solution(500pl) 

BCB-  Brilliant  Cresyl  Blue 

CB-  Celestine  Blue 

GT-  Gallomine  Triethoiodide 

For  example:  The  solution  in  A3  was  3  mL  of  pHl  buffer,  0.5  mL  of  ImM 
BCB  indicator  dye,  and  0.5  mL  of  a  uranium  acetate  solution. 

with  uranium  in  the  hexavalent  oxidation  state.  To  maintain  consistency 
with  the  uranium  medium  introduced  to  the  bacteria,  a  uranium  acetate  salt 
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was  used.  Dissolution  of  the  yellow  uranium  acetate  salt  crystals  to  form  a 
6.13  mM  stock  solution  in  a  glass  volumetric  flask  was  assisted  with  a  sonic 
bath  mixer  (Cole  Parmer  Model  8850).  This  solution  was  diluted  with 
deionized  water  to  make  20.0  mL  of  a  1.0  mM  uranium  acetate  solution. 

Each  of  the  63  samples  to  be  analyzed  by  UV/ Visible  Spectroscopy 
was  mixed  in  a  5  mL  polyethylene  vial  (VWR  Products).  The  labeling  of 
these  sample  bottles  and  the  exact  composition  is  in  Table  2.11.  Qualitative 
results  were  recorded  immediately  after  all  63  solutions  were  made.  These 
observations  are  in  Table  2.10  and  digital  color  photos  are  in  Appendix  2, 


Table  2.10  Qualitative  Observations  of  Dye  Samples  with  U(VI):  This  table  gives 
the  qualitative  visual  color  comparison  associated  with  each  sample  series  with 
uranium  (VI)  and  the  indicator  dyes.  Refer  to  Table  2.11  for  the  sample  labeling 
method. 

Row 

Com position 

Observation 

1 

Blanks 

All  clear 

2 

BCB  (no  Uranium) 

12  is  the  only  one  that  really  differs.  All 
the  other  samples  (A2-H2)  appear  a  dark 
rich  blue  color,  while  12  loses  its  color  and 
appears  black  or  brownish 

3 

BCB  (with  Uranium) 

Same  as  above  except  there  appears  to  be 
more  blue  in  13  compared  to  12 

4 

CB  (no  Uranium) 

Lots  of  change  as  a  function  of  pH  in  the 
behavior  of  this  dye  A4  and  B4  appear 
purple.  C4  transitions  to  a  purple/blue 
color.  D4  is  most  a  rich  blue,  while  E4 
becomes  a  light  blue.  F4  is  mostly  purple 
again,  while  the  solutions  with  the  strong 
Nitric  acid  (2,4  and  6N)  appear  clear  with 
a  slight  yellow  tinge. 

5 

CB  (with  Uranium) 

Same  as  above  except  D5  and  E5  have  a 
purple  tinge  to  the  blue. 

6 

GT  (no  Uranium) 

Clear  except  G6-I6.  Slight  orange  tinge 
to  the  solutions. 

7 

GT  (with  Uranium) 

Clear  except  H7  and  17  that  still  have  an 
orange  tinge. 
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Annex  C. 


The  samples  were  then  analyzed  using  the  UV/  Visible  Spectrometer 
using  the  procedure  described  in  the  previous  section.  The  graphs  of  the 
absorbance  behavior  with  the  different  acid  solutions  are  in  Appendix  2, 
Annex  D  (BCB),  E  (CB),  and  F  (GT).  The  first  graph  of  each  series  shows 
the  behavior  of  the  indicator  dye  as  a  function  of  changing  acid  solutions 
without  uranium  present  and  the  second  chart  shows  the  same  information 
with  uranium.  The  rest  of  the  graphs  in  each  annex  compare  the  spectra 
with  and  without  the  uranium  present  at  a  specific  acid  concentration. 

2.3.2 UV/Visible  Spectroscopy  Results  with  U(VI) 

The  absorbance  behavior  of  Celestine  Blue  (CB)  is  located  in 
Appendix  2,  Annex  E.  Annex  E-l  shows  the  behavior  of  the  dye  without 
any  uranium  present.  The  absorbance  spectrum  changes  as  the  solution 
conditions  become  more  basic.  At  highly  acidic  conditions,  the  absorbance 
peak  of  CB  was  centered  near  540  nm.  As  the  pH  increased,  the  peak 
shifted  and  increased  to  a  peak  centered  near  640  nm.  This  is  especially 
prevalent  at  pH  5  and  pH  7  in  Annex  E-l.  The  absorbance  spectrum  with 
uranyl  ions  present  is  in  Annex  E-2.  In  Annex  E-2  the  peak  shift  occurs,  but 
it  is  not  nearly  as  intense  and  there  is  also  a  slight  peak  near  490  nm  builds 
as  the  solution  becomes  more  acidic.  In  Annexes  E-9  through  E-ll,  which 
show  the  complexation  behavior  with  the  highest  concentrations  of  nitric 
acid,  there  is  no  apparent  absorbance  with  or  without  U(VI).  At  1  N  HN03, 
the  peak  shapes  are  nearly  identical  for  the  samples  with  and  without 
uranium.  There  is  a  slight  increase  in  absorbance  when  U(VI)  is  added 
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shown  in  Annex  E-8.  The  same  type  of  behavior  is  observed  in  Annex  E-7 
with  the  pH  1  buffer  but  the  increase  is  not  quite  as  apparent.  The 
absorbance  spectrum  for  pH  2  buffer  solutions  in  Annex  E-6  resemble  the 
absorbance  peaks  of  the  pH  1  buffer  sample,  but  in  this  case,  the  absorbance 
was  stronger  without  the  hexavalent  uranium  present.  In  Annex  E-5  for  the 
pH  3  sample,  the  difference  in  the  magnitude  of  the  absorbance  spectrum  is 
much  greater  without  the  uranium  present  and  suggests  that  a  CB-U(VI) 
complex  is  forming  outside  the  observed  UV/ Visible  range  of  400-800  nm. 

The  absorbance  spectrum  for  the  pH  3  and  pH  5  solutions  changes 
significantly.  It  shifts  the  dye  absorbance  peak  from  540  nm  at  pH3  to  640 
nm  at  pH  5  when  hexavalent  uranium  is  not  present.  The  spectrum 
observed  in  Annex  E-4  for  the  pH  5  sample  with  U(VI)  shows  two  much 
smaller  peaks,  one  centered  at  490  nm  and  one  near  640  nm.  The 
absorbance  peaks  increase  in  pH  7  shown  in  Annex  E-3,  but  are  located  in 
the  same  place  as  pH  5. 

The  absorbance  behavior  for  Brilliant  Cresyl  Blue  (BCB)  is  located  in 
Appendix  2,  Annex  D.  BCB  did  not  have  nearly  the  same  amount  of 
changes  as  observed  with  CB.  The  complexation  behavior  based  on  the 
absorbance  spectra  with  and  without  U(VI)  are  nearly  identically  shown  in 
Annexes  D-3  through  D-8  corresponding  to  pH  7  through  1  N  HN03 
respectively.  The  absorbance  peaks  are  centered  between  540  and  650  nm. 
At  2  N  HN03,  the  peak  is  located  in  the  same  spot  that  the  pH7  through  1 
N  HN03  charts  indicate,  however  the  addition  of  the  uranium  lowers  the 
peak  considerably  without  observance  of  another  peak  anywhere  within  the 
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400-800  nm  range.  Annex  D-9  for  the  2  N  HN03  samples  suggests  that 
another  complex,  this  time  between  U(VI)  and  BCB,  falls  into  an  absorbance 
range  outside  400-800nm,  thus  reducing  the  uncomplexed  BCB  peak 
absorbance  in  540  through  650  nm  range.  At  4  N  HN03,  the  absorbance 
spectrum  shown  in  Annex  D-10  gently  shifts  toward  higher  wavelengths,  but 
still  generally  maintains  the  same  behavior  with  and  without  U(IV).  It 
almost  appears  at  4.0  N  HN03  that  a  second  peak  develops  near  the  700nm 
wavelength.  The  absorbance  peak  at  700  nm  is  slightly  higher  for  the  BCB 
with  U(VI)  spectra  than  the  BCB  without  U(VI).  At  6  N  HN03,  the 
absorbance  behavior  in  Annex  D-ll  shifts  back  to  the  left  where  the  original 
pH  7-1  N  spectrum  lied  at  a  drastically  reduced  intensity. 

Gallomine  Triethoiodide  (GT)  does  not  change  much  at  all  and  its 
spectra  lie  very  close  to  the  blank  sample.  The  absorbance  behavior  for  GT 
is  located  in  Appendix  2,  Annex  F.  There  is  an  interesting  effect  in  the  high 
acid  concentrations.  The  absorbance  spectrum  in  Annexes  F-10  and  F-ll  for 
the  4  and  6  N  HN03  samples  both  have  the  GT  with  U(VI)  absorbance 
spectra  greater  than  without  U(VI),  although  the  shapes  are  nearly  identical. 
At  2  N  HN03,  the  absorbance  spectrum  switches  places,  this  time  the  GT 
with  U(VI)  has  less  absorbance  than  without  U(VI).  The  difference  is  only 
slight  and  within  the  error  of  solution  concentrations.  The  remaining  figures 
in  Annex  F  have  almost  identical  spectra  and  zero  absorbance  in  the  400-800 
nm  range. 
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2.3.3 Oxazine  Dyes  Complexation  Behavior  with  Uranium 
(IV) 

Although  there  were  no  visible  signs  of  uraninite  precipitation  in  the 
Arsenazo  experiments,  three  identical  time-phased  experiments  succeeded  in 
producing  uraninite  by  bacterial  reduction.  The  timed  series  were  labeled  A, 
B  or  C  and  the  time  that  formaldehyde  was  added  stopping  the  reaction  by 
killing  the  bacteria.  There  was  no  difference  in  experimental  procedure  used 
for  A,  B,  or  C.  The  absence  of  any  phosphate  in  the  uranium  medium 
during  these  experiments  kept  the  uranium  in  solution  and  enabled  the 
bacteria  the  opportunity  to  produce  the  black  precipitate.  The  uraninite 


Figure  2.7  Uraninite  Production :  This  is  a  picture  of  three  of  the 
samples  clearly  showing  the  black  precipitate  produced  by  bacterial 
reduction. 

produced  by  the  anaerobic  respiration  of  the  Shewanella  putrefaciens 
bacteria  originated  from  the  same  uranium  acetate  salt  that  was  used  in  the 


45 


previous  set  of  indicator*  dye  experiments.  The  uraninite  from  these 
experiments  would  then  be  used  for  three  purposes: 

•  An  isotopic  analysis  With  a  Thermal  Ionization  Mass  Spectrometer 
(TIMS).  The  results  of  this  work  is  in  Chapter  4. 

•  The  primary  source  of  U(IV)  for  the  indicator  dye  experiments. 

•  X-Ray  diffraction  analysis  to  fully  determine  the  mineral  structure  of  the 
precipitate.  Both  U3Os  and  U02  have  similar  color,  but  different  X  Ray 
diffraction  patterns.  The  results  of  this  work  and  electron  microprobe 
pictures  of  the  crystals  are  in  chapter  3. 

Two  samples  that  had  interacted  for  45  hours  with  the  bacteria  were 
used  as  the  source  of  uranium  for  the  next  set  of  experiments.  The  uraninite 
produced  by  bacterial  reduction  became  the  source  of  U(IV)  for  evaluating 
the  indicator  dye  behavior.  These  samples  were  originally  capped  in  glass 
culture  tubes  that  maintained  a  nitrogen  and  carbon  dioxide  environment. 
Previous  work  in  [4]  found  U(IV)  unstable  in  aerobic  aqueous  solutions,  but 
stable  in  de-oxygenized  solutions  long  enough  to  perform  speciation  analysis. 
U(IV)  in  solution  was  found  to  slowly  oxidize  in  air  to  form  U022+  (aq).  In 
[4],  the  oxidation  took  only  ten  hours.  For  this  reason  special  care  was  made 
to  operate  in  a  non-reactive  argon  environment.  The  transfer  camber  in  a 
Mbraun  Glove  Box  operating  at  2.9  mbar  was  depressurized  to  -1.0  mbar 
three  times  and  flushed  with  argon  gas  before  placing  any  material  into  the 
main  chamber.  The  glass  test  tubes  were  uncapped  inside  the  glove  box  to 
prevent  any  oxidation.  The  bulk  of  the  supernatant  was  removed  using 
disposable  pipettors  and  the  remaining  9  mL  solution  ,  along  with  the  dead 
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cells  and  precipitate,  was  transferred  into  15  mL  centrifuge  tubes.  The  15 
mL  centrifuge  tubes  were  tightly  sealed  and  then  removed  from  the  glove 
box.  The  samples  were  centrifuged  on  a  Sigma  Model  204  Centrifuge  for  30 
seconds.  The  samples  were  returned  into  the  glove  box  where,  after 
removing  as  much  supernatant  as  possible  with  the  disposable  pipettor,  they 
were  washed  with  10  mL  of  deionized  water.  The  tubes  were  shaken 
manually,  removed  from  the  glove  box,  and  re-centrifuged  for  30  seconds. 
This  washing  procedure  was  then  repeated  a  second  time. 

After  the  second  rinse,  the  two  centrifuge  tubes  were  returned  into 
the  glove  box.  The  supernatant  was  again  removed  until  only  a  wet  solid 
remained.  A  large  glass  desiccator  was  placed  inside  the  glove  box.  The  two 
samples  were  placed  uncapped  inside  the  desiccator,  and  then  the  desiccator 
was  sealed  by  rotating  the  neck  valve.  The  samples  were  then  removed  from 
the  glove  box  inside  the  desiccator  and  began  freeze-drying.  They  remained 
in  the  freeze  dryer  for  approximately  14  hours.  Both  appeared  now  as  a 
black  powder  at  the  bottom  of  their  respective  centrifuge  tubes.  The  large 
desiccator  was  sealed  and  returned  into  the  glove  box.  The  desiccator  was 
then  opened  and  the  tubes  re-capped.  One  sample  remained  in  the  glove  box 
until  further  analysis  in  Chapter  3  with  X  ray  diffraction  and  electron 
microprobe. 

The  black  uraninite  powder  from  the  other  sample  was  dissolved  in 
acid  and  would  be  used  as  the  U(IV)  source  for  the  indicator  dyes. 
Approximately  2-3  mL  of  6  N  HNOs  acid  were  added  to  the  sample  with  a 
clean  disposable  pipettor.  The  black  powder  dissolved  almost  immediately  in 
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the  strong  acid.  There  was  still  a  small  amount  of  undissolved  organic 
matter  on  the  bottom  of  the  centrifuge  tube.  The  supernatant  was  drawn  off 
placed  into  another  15  mL  centrifuge  tube.  The  total  volume  of  the 
supernatant  was  about  2.5  mL.  A  1  mL  aliquot  was  removed  to  determine 
the  total  dissolved  uranium  concentration. 

Inductively  Coupled  Plasma-Atomic  Emission  Spectroscopy  (ICP- 
AES)  was  used  to  determine  the  total  uranium  concentration.  Chapter  3 
describes  the  method  of  using  ICP-AES  to  determine  concentration  in 
greater  detail.  A  certified  standard  uranium  atomic  absorption  solution  of 
990  pg  per  mL  in  1  weight  percent  HNOs  (Aldrich  Chemical  Company,  Lot 
No:  0161 1HQ)  was  used  to  make  standard  solutions  for  quantitative 

determination  of  the  uranium  concentration  in  a  solution.  The  certified 
standard  solution  was  diluted  with  5%  by  weight  HN03  to  make  a  300,  100, 
10,  and  1  pg  per  mL  solution. 

The  next  step  was  to  prepare  the  samples.  A  rough  estimate  of  the 
total  amount  of  uranium  dissolved  in  the  2.5  mL  of  6N  nitric  acid  is  in 
equation  2.9  where  5  mL  is  the  volume  of  2  mM  uranium  acetate  media 
introduced  to  the  bacteria  and  assumes  that  80%  of  the  uranium  in  solution 


5  mL  x 


2x10  mol(U02Ac)^  1  mol  U  238 xlO3  mg 
1000  mL  1  mol  (U02Ac)  1  mol  U 


x  0.80  « 1.9  mg  of  U  (2.9) 


is  converted  into  uraninite  by  bacterial  reduction.  This  translates  into  an 
estimated  concentration  of  3.2  mM  of  uranium  in  the  2.5  mL  solution.  A  1.0 
mL  aliquot  was  removed  from  this  sample  for  further  dilution  and 
preparation. 
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The  1.0  mL  aliquot  was  first  diluted  with  10  mL  of  DI  water.  This 
helped  increase  the  volume  for  analysis  with  the  ICP-AES  and  diluted  the 
acid  strength  from  6.0  N  to  approximately  0.5  N  HNOs  discounting  any 
speciation  effects.  This  dilution  adjusted  the  estimated  uranium 
concentration  to  0.29  mM  or  69.1  ppm.  This  was  then  further  diluted  with 
DI  water  for  three  separate  5  mL  samples.  The  solutions  were  then  analyzed 
with  the  ICP-AES  for  absolute  uranium  concentration  analysis  using  the 
procedure  outline  in  Chapter  3.  The  resulting  data  and  graphed  results  are 
in  Appendix  2,  Annex  G.  The  linear  calibration  of  the  standards  is  in  Figure 


ICP  AES  UraniumConcentration  for  C45 
Dissolved  U(IV)  in  HN03 


♦  1st  Run 

*  3xlRin 

- Unear(lstRiri) 

- Urrar(2hdRm) 


Figure  2.8  ICP  AES  Concentration  of  C45:  This  figure  shows  the  linear 
regression  of  the  uranium  standards  used  to  calculate  an  unknown  sample 
uranium  concentration  for  C45.  The  data  is  located  in  Appendix  2,  Annex  G.  - 


2.8.  Using  the  linear  equation  of  line  in  Figure  2.8,  the  uranium 
concentration  of  each  sample  is  determined.  Working  backward  through  the 


dilution  steps,  the  concentration  of  the  1  mL  aliquot  was  5.73±0.20  mM. 
This  is  also  the  concentration  of  the  remaining  1.5  mL  that  remained  in  the 
15  mL  centrifuge  tube  and  would  be  used  as  the  source  of  U(IV). 


Table  2.11  U(IV)  Solution  Preparation:  This  table  shows  the  labeling  procedure 
used  to  identify  the  63  five  mL  poly  sample  bottles.  The  first  label  showed  what 

acid 

series  was  used  and  the  second  label  specified  the  exact  solution  composition. 

First  Label  Second  Label 

A 

pHl  Buffer  1 

4  ml  acid  only 

C 

pH3  Buffer  2 

3.5  ml  acid  -f-  BCB(500pl) 

E 

pH7  Buffer  3 

3  ml  acid  +BCB(500^1)+  Uranyl 

F 

1.0  N  HNOs 

Solution(500pl) 

H 

4.0  N  HNOs  4 

3  ml  acid  +CB(500pl) 

5 

3  ml  acid  +CB(500pl)+  Uranyl  Solution(500pl) 

6 

3  ml  acid  +GT(500pl) 

7 

3  ml  acid  +GT(500pl)+  Uranyl  Solution(500pl) 

For  example:  The  solution  in  A3  was  3  ml  of  pHl  buffer,  0.5  ml  of  ImM 
BCB  indicator  dye,  and  0.5  ml  of  a  uranium  acetate  solution. 

The  remaining  1.5 

mL  of  uranium  solution  was  then  used  to  test  the 

Table  2.12  Qualitative  Observations  of  Dye  Samples  with  U(IV):  This  table 

gives  the  qualitative  visual  color  comparison  associated  with  each  sample  series 
for  the  uranium  IV  with  the  indicator  dyes. 

Series  Composition  Observation 

A 

pHl 

All  appear  blue  or  purple  except  the  GT 
samples  A6  and  A7  which  both  appear 
faint  orange 

C 

pH3 

Same  as  above 

E 

pH7 

E6-E7  have  much  less  color  than  A6-A7 
and  C6-C7. 

F 

1.0  N  HN03 

F4  had  color  while  F5  was  nearly  clear. 
F6-F7  resemble  A6-A7  and  C6-C7. 

H 

4.0  N  HN03 

H4-H5  are  now  both  clear.  F6-F7 
resemble  A6-A7  and  C6-C7. 
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behavior  of  the  indicator  dyes  with  U(IV).  1.4  mL  of  the  uranium  solution 

was  diluted  with  0.1  N  NaOH  down  to  a  1.0  raM  solution  for  a  total  volume 

of  7.89  mL.  The  dilution  with  the  base  helped  reduce  the  effects  of  the  1.4 

mL  uranium  solution  in  the  strong  6  N  acid.  Assuming  no  complexation  and 

discounting  specific  ion  activity  correction  the  dissociation  constant  for 

water,  this  approximately  increased  the  pH  from  -0.78  (-log  6.0)  to  +0.01  (- 

log  0.9825).  The  limited  volume  of  1  mM  U(IV)  prevented  the  analysis  over 

all  the  acid  ranges  that  were  performed  on  U(VI).  The  following  pH  and 
# 

acid  ranges  were  chosen:  pH  1,  pH  3,  pH  7,  1  N  HN03,  and  4  N  HN03. 
Table  2.11  outlines  the  preparation  of  the  samples  for  UV/Visible 
absorbance  analysis. 

The  protocol  for  spectrographic  analysis  remained  identical  to  that 
used  with  the  U(VI)  in  terms  of  concentration  and  amounts  of  acids,  dyes, 
and  metal  solution.  This  time  the  spectrometer,  along  with  all  the  samples, 
was  arranged  in  the  glove  box  containing  the  argon  environment  to  prevent 
oxidation  of  the  metal.  The  qualitative  observations  of  the  solutions  are  in 
Table  2.12.  The  spectra  for  the  indicator  dyes  is  located  in  Appendix  2, 
Annex  H  (BCB),  Annex  I  (CB),  and  Annex  J  (GT).  The  first  graph  of  each 
annex  represents  the  dye  complexation  and  absorbance  behavior  without  any 
uranium  metal  across  the  entire  pH  buffer/  HN03  acid  range.  The  second 
graph  is  similar  except  the  1.0  mM  U(IV)  solution  is  introduced.  The 
remainder  of  the  graphs  compare  and  contrast  the  shape  of  the  spectra  with 
and  without  uranium  at  each  pH  buffer  or  nitric  acid  concentration. 
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2.3.4  UV/Visible  Spectroscopy  Results  with  U(IV) 

The  CB  complexation  with  U(IV)  provided  some  interesting  results. 
The  4  N  HNO3  samples  in  Annex  1-7  show  the  strong  acid  suppressing  the 
absorbance  behavior  of  CB  completely  with  and  without  U(IV).  The 
spectrum  resembles  that  of  the  blank  sample.  In  Annex  1-6,  the  samples  in  1 
N  HN03  provided  probably  the  most  significant  result.  The  spectra  without 
U(IV)  shows  a  strong  absorbance  peak  centered  at  540  nm,  but  when  U(IV) 
is  introduced,  the  1  N  HN03  spectrum  drastically  reduces  to  that  of  the 
blank  again.  This  suggests  a  strong  CB-U(IV)  complex  forms  with  an 
absorbance  frequency  that  is  outside  the  UV/Visible  range.  The  absorbance 
spectrum  shown  in  Annex  1-5  for  the  samples  in  the  pH  1  buffer  is  nearly 
identical  between  the  samples  with  and  without  U(IV).  In  Annex  1-4,  the 
pH  3  samples  show  a  small  shift  in  the  CB  absorbance  into  the  640  nm  area 
that  is  suppressed  when  U(IV)  solution  is  added.  This  may  be  the  effect  of 
the  nitric  acid  strength  in  the  500  pi  U(IV)  solution.  Annex  1-3  with  the  pH 
7  samples,  illustrate  another  split  in  the  absorbance  spectra  between  CB 
with  and  without  U(IV).  The  CB  absorbance  without  tetravalent  uranium 
peak  solely  in  the  630-640  nm  wavelength  range  while  the  U(IV)  solution 
peak  back  at  the  original  uncomplexed  CB  peak  centered  at  540  nm. 

There  were  less  characteristic  changes  between  the  other  two  indicator 
dyes  using  U(IV)  as  opposed  to  U(VI).  The  complexation  with  BCB  and 
U(IV)  is  nearly  indistinguishable  between  solutions  with  and  without 
tetravalent  uranium.  The  only  separation  in  the  spectra  between  the  two 
occurs  at  the  4  N  HN03  revealed  in  Annex  H-7.  At  4  N  HN03,  there  is 
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slightly  less  absorbance  when  the  U(IV)  is  introduced.  This  effect  is 
attributed  to  the  low  pH  of  the  U(IV)  solution.  The  GT  absorbance  spectra 
are  almost  indistinguishable  between  solutions  with  and  without  teravalent 
uranium.  The  only  separation  occurs  in  Annex  J-6  with  the  1  N  HN03 
samples.  There  is  a  U(IV)-GT  complex  that  slightly  increases  the 
absorbance  spectrum  with  a  peak  centered  at  the  lower  end  of  the  frequency 
range  near  480  nm. 

2.3.5  Comparison  of  the  Absorbance  Spectra  for  the 
Oxazine  Dyes  with  U(IV)  and  U(VI) 

The  absorbance  charts  for  each  pH  buffer  and  acid  value  that  were 
similar  to  both  experiments  with  U(VI)  and  U(IV)  are  located  in  Appendix 
2,  Annex  K  (BCB,  Annex  L  (CB),  and  M  (GT).  The  first  graph  in  each 
Annex  plots  the  entire  spectrum  for  all  acid  and  buffer  values  with  uranium 
at  both  its  oxidation  states.  The  remaining  graphs  in  the  Annexes  elucidate 
the  first  comparison  by  showing  each  pH  value  or  acid  concentration 
separately.  As  each  dye  is  evaluated  towards  achieving  the  ultimate  goal  of 

Table  2.13  Visible  Wavelengths :  This  table  shows  the 
frequency  range  for  electromagnetic  radiation  available  to  the 
eye  and  ths  color  associated  to  that  frequency  range. 


Visible  Wavelengths 

400-440nm 

Violet 

440-480nm 

Blue 

480-560nm 

Green 

560-590nm 

Yellow 

590-630nm 

Orange 

630-700nm 

Red 

a  reduction  indicator  capable  of  a  significant  visual  color  change  between  the 
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different  oxidation  states  of  uranium,  the  visible  color  and  frequency  range 
is  listed  in  Table  2.13.  This  reference  helps  visualize  the  color  changes 
associated  with  the  location  of  the  absorbance  peaks. 

Among  the  three  dyes,  CB  appears  to  distinguish  the  best  between  the 
complexes  formed  with  U(IV)  and  those  with  U(VI).  The  complete 


CB  with  U  (VI)  and  U(IV)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 


Figure  2.9  Celestine  Blue  with  U(VI)  and  U(JV)iIh\s  figure  shows  the  complete 
absorbance  spectrum  for  Celestine  Blue  with  U(VI)  and  U(IV)  solutions.  The 
spectra  for  each  acid  concentration  and  pH  buffer  solution  is  chosen  that  coincide 
for  both  uranium  oxidation  state  solutions.  The  separate  charts  at  each  pH  value 
or  acid  concentration  are  in  Appendix  2,  Annex  L. 


spectrum  is  located  in  Figure  2.9.  The  spectrum  in  the  buffer  solutions  of 
pH7  and  pH  3  not  only  have  a  different  shape  to  their  spectra,  but  even  in 


54 


the  areas  where  their  peaks  are  collocated  there  is  a  significant  absorbance 
intensity  difference.  In  pH  7,  U(IV)  clearly  dominates  the  peak  at  540  nm 
range,  where  as  the  spectra  for  U(VI)  has  two  much  smaller  peaks,  one  at 
500  and  the  other  near  640  nm.  At  pH  3,  the  peaks  are  collocated,  but  the 
U(IV)  absorbance  peak  is  much  higher  than  U(VI).  At  pH  1,  the  behavior  is 
just  like  pH  7,  but  the  gap  is  narrowed. 

The  absorbance  spectrum  for  most  pH  buffer  solutions  has  been 


CB  with  U  (IV)  and  U  (VI) 

Metal  Aqueous  Species  in  1 M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 


- D1 - 1MU(IV) - 1MU(VI) 


Figure  2-10  Celestine  Blue  Complexation  with  U(VI)  and  U(IV)  at  1  N  HNOs: 
This  chart  shows  the  absorbance  of  CB  complexes  with  U(VI)  and  U(IV)  between 
400-800nm.  The  dramatic  reduction  in  the  absorbance  spectra  for  U(IV)  as 
opposed  to  U(VI)  strongly  suggests  its  suitability  as  a  visual  reduction  indicator. 


dominated  by  the  U(IV)  absorbance  spectra.  At  1  N  HN03  this  trend 
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dramatically  reverses.  There  is  a  strong  absorbance  spectrum  for  the  U(VI) 
complex  centered  on  a  peak  at  about  540  nm.  This  is  sharply  contrasted 
against  a  nearly  non-existent  U(IV)  absorbance  spectrum.  This  chart  is 
located  in  Figure  2.10  and  represents  the  best  conditions  to  distinguish  the 
areas  of  localized  reduction  of  U(VI)  to  U(IV).  The  areas  where  this 
reduction  occurs  will  change  from  a  purple  color  to  near  colorless. 

The  other  two  indicator  dyes  did  not  show  favorable  results  when  it 
came  to  producing  a  significant  color  change  in  the  absorbance  spectra. 
BCB  spectra  for  U(VI)  and  U(IV)  is  nearly  identical  in  terms  of  peak 
location  and  shape,  with  a  slight  gap  between  them  that  is  inconsistent  and 
within  the  experimental  error  of  the  concentration  of  the  reagents.  The  only 
slight  indication  is  at  4  N  HN03  when  the  U(VI)  complex  with  BCB  has  a 
higher  absorbance  in  the  last  portion  of  the  UV/Visible  frequency  range. 
The  charts  for  GT  are  nearly  identical  as  well  and  are  very  nearly  equivalent 
to  the  blank.  The  only  area  where  there  is  a  slight  deviation  is  at  the  upper 
nitric  acid  concentration  end.  The  1  N  and  4  N  HN03  show  a  slightly  higher 
absorbance  spectrum  for  U(IV)  then  U(VI),  but  it  is  so  small  that  a  visual 
inspection  of  this  would  difficult. 

2.4  Conclusions 

The  purpose  of  this  work  was  to  use  the  complexation  of  organic  dyes 
with  uranium  metal  in  solution  to  determine  the  concentration  and  the 
oxidation  state  of  the  uranium  aqueous  species.  Arsenazo(III)  complexes 
were  used  for  the  concentration  measurements  and  a  series  of  oxazine  dyes 
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were  evaluated  to  determine  qualitatively  which  one  gives  the  most  visible 
color  difference  between  complexes  formed  with  U(VI)  and  U(IV). 

Although  U(VI)  tends  to  be  much  more  soluble  than  XJ(IV),  the  first 
experiment  showed  the  complications  that  occur  when  phosphate  ions  are 
present.  Uranium  phosphate  is  a  very  insoluble  compound  that  forms  when 
solutions  of  uranyl  cations  is  mixed  with  phosphate  anions.  Therefore  it  is 
important  to  avoid  the  use  of  any  phosphate  in  medium  designed  to  study 
the  bacterial  reduction  processes  with  uranium. 

The  oxazine  dye  experiments  analyzed  the  absorbance  intensity  in 
UY  j  Visible  range  of  the  electromagnetic  spectrum  between  400-800  nm  in  a 
variety  of  pH  buffer  and  nitric  acid  solutions.  A  baseline  spectrum  without 
the  uranium  present  was  measured  first.  Then  solutions  containing  U(VI) 
and  U(IV)  were  added  and  the  changes  to  the  absorbance  spectrum  were 
compared  to  the  baseline  spectrum  of  the  dyes.  Then  the  two  uranium 
complexation  spectrums  for  U(VI)  and  U(IV)  were  compared  against  one 
another  to  determine  a  difference  in  absorbance  between  the  complexes 


Table  2.14  Oxazine  Dye  Results-.  This  table  shows  the  areas  where  differences 
exist  between  the  complexation  behavior  of  U(VI)  and  U(IV). 

Gallomine 

Brilliant 

Celestine 

Triethoiodide 

Cresyl  Blue 

Blue 

pH  7 

No 

No 

Possible 

pH  3 

No 

No 

Possible 

pH  1 

No 

No 

No 

1  N  HN03 

No 

No 

Yes 

4  N  HN03 

No 

No 

No 
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formed  with  the  uranium  metal  species.  Table  2.14  summaries  the  results  of 
the  comparisons  between  the  complexation  behavior  of  the  two  oxidation 
states. 

Celestine  Blue  seemed  to  offer  the  biggest  difference  in  color  behavior 
compared  to  Gallomine  Triethoiodide  and  Brilliant  Cresyl  Blue.  In  1  N 
nitric  acid,  there  is  a  large  difference  in  the  spectrum  that  was  shown  in 
Figure  2.10.  The  U(VI)  complex  has  a  large  absorbance  peak  where  the 
U(IV)  is  nearly  colorless.  Future  experiments  should  test  Celestine  Blue 
with  different  solutions  of  U(VI)  and  U(IV)  in  circular  plates  with  agar  and 
bacterial  growth  media.  The  plates  should  then  be  photographed  and 
compared  to  determine  if  the  color  difference  is  sufficient  to  locally  detect 
the  reduction  process  by  bacteria. 

There  are  many  areas  for  future  study.  The  behavior  of  the  U(IV) 
complexes  may  be  affected  by  the  concentration  of  the  acid  used  to  dissolve 
the  uraninite.  Monitoring  the  pH  levels  of  the  U(IV)  and  U(VI)  may  help 
prevent  this  from  disguising  the  true  differences  in  the  complexation 
behavior  between  U(VI)  and  U(IY).  [7]  also  referred  to  another  indicator 
dye,  Gallocyanine,  which  may  provide  a  good  color  change,  going  from  pink 
to  colorless  at  the  end  point  for  the  reduction  of  U  (VI)  to  U  (IV). 

Another  possible  technique  would  be  a  reduction  titration  in  sequence 
with  the  UV/ Visible  Spectrometer.  Starting  with  a  solution  U(VI)  and  a 
particular  indicator,  slowly  titrate  Fe(II),  which  oxidize  to  Fe(III)  and 
reduce  the  uranium  to  U(IV). 
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Potential,  volts8 

Fe3++e'  ->  Fe2+  0.770 

U02+2  +  4H+  +  2e  ->  U+4  +  2H20  0.334 

The  titrator  can  also  then  monitor  the  pH  changes  and  using  a  mobile  dip 
probe,  the  spectrometer  can  simultaneously  take  periodic  measurements  of 
the  absorbance  intensity.  This  would  probably  be  the  best  technique  to 
simulate  the  color  change  that  would  occur  with  the  bacterial  reduction 

process. 
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Chapter  3 


The  Reduction  of  Uranium  by  Bacteria 

The  purpose  of  this  chapter  is  to  study  in  detail  the  reduction  of  dissolved 
uranium  into  a  solid  precipitate  using  bacteria.  Section  3.1  discusses  the 
principles  and  use  of  Inductively  Coupled  Plasma  -  Atomic  Emission 
Spectroscopy  (ICP-AES)  for  determining  the  concentration  of  total  uranium  in  a 
solution.  Section  3.2  presents  in  depth  the  chemical  preparation  of  uranium 
acetate  U02(CH3C00)2  from  solid  triuranium  octaoxide  U308.  Section  3.3 
explains  the  microbiology  work  at  the  Ralph  M.  Parsons  laboratory  and  the 
reductive  process  that  converts  the  uranium  in  solution  into  a  solid  uraninite 
UOz  precipitate.  Section  3.4  looks  at  the  precipitate  in  great  detail  using  X-Ray 
Diffraction  (XRD)  and  the  Electron  Microprobe  (EMP).  Section  3.5  concludes 
with  some  lessons  learned  during  the  procedure.  The  overall  objective  of  this 
chapter  is  to  present  an  overview  of  the  microbiological  and  chemical  processes 
that  were  used  throughout  this  investigation. 

3.1.  Inductively  Coupled  Plasma  -  Atomic  Emission 
Spectroscopy  (ICP-AES) 

Many  of  the  experiments  conducted  in  this  work  used  Inductively 
Coupled  Plasma  -  Atomic  Emission  Spectroscopy  (ICP-AES)  to  determine  total 
uranium  concentrations  in  solution.  This  section  provides  an  overview  of  the 
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physical  principles  behind  ICP-AES(3.1.1),  describes  the  machine  parameters  of 
the  Spectroflame  ICP  D  used  in  this  study(3.1.2),  and  explains  the  method  used 
to  determine  uranium  with  the  ICP-AES  (3.1.3). 


3.1.1  Principles  of  ICP-AES 


The  ICP-AES  operates  on  the  general  principle  of  a  hot  plasma  generated 
by  ionizing  argon  atoms  with  an  igniting  device.  These  ions  move  back  and 
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forth  rapidly  in  an  oscillating  electromagnetic  field  established  by  a  high 
frequency  coil  wrapped  around  a  quartz  torch.  This  oscillation  causes  collisions 
and  a  transfer  of  energy  to  other  argon  atoms,  which  in  turn  become  ionized, 
generating  secondary  argon  ions  and  electrons1. 


Source  urvt  Spectrometer 


Figure  3.2  Schematic  of  the  Major  Components  of  a  Typical  ICP-AES:  The  test 
solution  is  delivered  into  the  plasma  as  an  aerosol  suspended  in  argon  gas.  The  de- 
excited  wavelengths  emitted  by  the  elements  in  the  plasma  are  resolved  by  a  multi¬ 
channel  optical  spectrometer  and  amplified  by  a  photomultiplier  tube,  fll 


The  number  of  ions  steadily  increases  until  the  plasma  reaches  a  steady 
state.  The  filtered  liquid  sample  is  then  introduced  using  a  peristaltic  pump  into 
the  nebulizer,  which  injects  a  fine  aerosol  mist  from  the  sample  solution  into  the 
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nebulizer  chamber  and  is  then  carried  upward  by  argon  gas  into  the  plasma. 
The  nebulizer  chamber  also  acts  as  a  filter  and  removes  droplets  that  are  too 
large  to  be  excited  by  the  plasma.  Because  of  this  process  only  1%  to  3%  of  the 
nebulized  material  is  transported  to  the  plasma.  An  argon  humidifier  is  used 
during  operation  to  humidify  the  nebulizing  argon  and  prevent  any  sample 
material  from  crystallizing  on  the  nebulizer  or  becoming  encrusted  within  the 
nebulizing  chamber.  The  argon  humidifier  is  filled  one  third  full  with  deionized 
water  for  optimum  operating  conditions.  When  sample  atoms  are  introduced 
into  the  plasma,  they  collide  with  the  rapidly  moving  plasma  ions  and  become 
excited.  The  excited  sample  atoms  and  ions  pass  through  the  plasma,  and  relax 
to  lower  energy  states,  emitting  characteristic  photons.  A  spectrometer 
measures  the  intensity  of  the  selected  characteristic  photon  directly  related  to  a 


Figure  3.3  Components  of  the  Spectroflame  ICP  D  ICP-AES:  These  are  the 
actual  components  of  the  schematic  diagram  shown  in  Figure  3.2. _ _ 
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particular  element1.  By  calibrating  the  system  using  known  standards,  the 
concentration  of  a  given  element  can  be  determined  from  the  intensity  observed 
at  the  characteristic  wavelength(s)  for  that  element.  Figure  3.2  shows  a 
schematic  of  this  process. 

3.1.2  ICP-AES  Hardware  Specifications 

The  ICP-AES  system  used  for  this  work  is  the  Spectroflame  ICP-D  model 
ICP-AES  system.  Figure  3.3  is  a  detailed  photograph  of  the  ICP-D  model 
components  that  are  sketched  in  Figure  3.1  and  Figure  3.2.  The  specific 
machine  details  of  the  Spectroflame  ICP-D  ICP-AES  system  are  presented  in 
Table  3.1.  The  start  up  procedures  and  general  software  operating  procedure 
are  in  Appendix  3,  Annex  B. 
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Table  3  1  ICP-A.ES  Hardware".  This  table  contains  the  specifications  for 
the  hardware  in  the  Spectroflame  ICP-D  model  ICP-AES  system.  The  - 
specifications  were  obtained  from  the  equipment  documentation,  and  have 
not  been  effected  by  the  upgrade  to  the  operating  system. _ 

Spectrometer 

-  Direct  Wavelength  drive  -  No  peak  search 

-  Fixed  grating 

-  Pashen-Runge  mount 

-  Focal  length  750  mm 

-  Holographic  grating  on  Zerodur  blank 

-  Temperature  stabilized  construction 

-  Four  entrance  slits 

Monochromator  #1 

-  Grating  2400  1/mm 

-  Dispersion  0.55  nm/mm 

-  Wavelength  coverage:  190  -  460  nm 

w/  nitrogen  purge:  165  -  460  nm 

.  piushod  direct  optical  path  for  low  wavelength 

Monochromator  #2 

-  Grating  1200  1/mm 

-  Dispersion  1.1  nm/mm 

-  Wavelength  coverage:  240  -  790  nm 

Sample  Introduction 

-  Integral  peristaltic  pump 

-  Pneumatic  nebulizer  w/  conical  spray  chamber 

-  Fixed  torch 

-  Argon  humidifier 

-  Temperature  controlled  sample  presentation  compartment 

RF  Generator 

-  2.5  kW  max.  output  power 

-  27.12  MHz  operating  frequency 

-  Power  and  frequency  stabilized 

-  Microprocessor  controlled 

-  Auto-start 

-  Integrated  water  cooling  system 
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3.1.3  Determination  of  Uranium  by  ICP-AES 

Uranium  concentration  was  measured  by  ICP-AES  using  the  method 
URANIUM,  written  for  these  experiments  (Table  3.2).  Uranium  concentration 
is  determined  by  measuring  the  intensity  of  the  385.958  nm  wavelength 
photons2.  The  output  from  the  ICP-AES  gave  the  raw  intensity,  average,  and 
standard  deviation  of  three  consecutive  measurements. 


Table  3.2  ICP  Settings  for  URANIUM  Method :  This  table  contains  the  equipment 
settings  contained  in  the  method  URANIUM,  which  was  created  for  the 
determination  of  Uranium  by  ICP-AES  using  the  385.958  nm  line. 

Coolant  Temperature: 

15°C 

Argon  Pressure: 

100  psig 

Coolant  Flow  Setting: 

40 

Nebulizer  Pressure: 

3.3  bar 

Pre-Flush  Time: 

30  s 

High  Flush  Time: 

10  s 

Pump  Speed  Setting: 

2  (high  flush) 

1  (preflush  /  measurement) 

Measurement  Time: 

100  %  (100%  =  2  seconds) 

Number  of  Measurements: 

3  per 

The  standard  and  sample  mixtures  were  all  diluted  to  their  desired 
concentration  using  a  0.1  N  HN03  solution,  except  where  noted.  The  acid 
matrix  was  chosen  in  order  to  minimize  the  potential  for  sorption  of  the  uranium 
to  the  containers  and  piping  network  of  the  ICP.  Nitric  acid  was  the  acid 
chosen  to  remain  consistent  with  the  other  acid  chemistry  in  the  experiments. 
The  dilutions  were  performed  using  variable  volume  pipettors  (Gilson  Pipetman 
series)  and  volumetric  flasks  (Kimax  and/or  Pyrex  brands;  VWR  Scientific). 
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After  the  system  optics  were  reprofiled  for  the  385.958  nm  wavelength, 
blank  samples  of  deionized  water  and  the  0.1  N  HN03  solution,  which  were  used 
for  the  dilutions,  were  measured  to  get  the  background  intensity.  The  spectral 
intensities  reported  by  the  ICP-AES  are  given  in  units  of  counts  per  second 
(cps).  The  uranium  standards  were  then  analyzed  in  order  of  increasing 
concentration  to  minimize  any  potential  hold-up  effects  in  the  system.  The 
standards,  with  a  known  concentration  of  uranium,  yielded  a  corresponding 
photon  peak  intensity.  The  average  spectral  intensity  values  for  each  known 
uranium  concentration  were  graphed  and  a  linear  regression  analysis  was 
performed  calibrating  those  values  into  a  linear  equation  as  a  function  of  their 
concentration.  The  results  of  this  calibration  for  each  experiment  are  shown  in 

the  next  section. 

3  2  Producing  Enriched  Uranium  Acetate 

There  are  many  techniques  to  make  a  solution  of  uranium  acetate.  In 
Chapter  2,  the  uranium  acetate  came  directly  from  an  older  source  by  Fisher 
Chemical  Company.  The  uranium  acetate  for  the  dye  experiments  and  the  first 
two  bacterial  experiments  was  made  simply  by  dissolving  the  salt  in  deionized 
water  to  the  concentration  necessary  to  establish  a  media  concentration  of  2mM. 

The  isotopic  ratio  from  the  supernatant  of  sample  AO  (see  Chapter  2, 
Section  2.3  for  label  definitions)  was  later  analyzed  with  a  Thermal  Ionization 
Mass  Spectrometer  (See  Chapter  4,  Section  4.5).  The  results  from  sample  AO 
determined  that  the  uranium  acetate  had  originally  been  a  depleted  uranium 
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source  with  a  238XJ/235U  isotopic  ratio  of  307.  Uranium  occurs  in  nature  with  a 
ratio  of  approximately  1423.  The  instrumental  error  associated  with  the 
measured  ratio  of  307  was  much  too  high  for  the  precision  needed  to  investigate 
any  biological  isotopic  fractionation  that  is  performed  in  Chapter  4.  The 
swamping  effect  of  the  depleted  uranium  acetate  source  prompted  the  use  of  an 
enriched  uranium  source  that  would  give  a  clearer  isotopic  signature. 

The  enriched  uranium  sample  came  from  the  New  Brunswick  Laboratory 
in  Argonne,  Illinois  operated  by  the  United  States  Department  of  Energy.  The 
certified  reference  uranium  standard  U500  was  selected  giving  a  nearly  one  to 
one  ratio  of  235U  to  238U.  Two  grams  of  U500  were  purchased  in  the  form  of  U3Os 
(cr).  The  U3Os  came  as  a  black  granular  powder  and  the  specific  isotope  atomic 
and  weight  percents  are  in  Appendix  3,  Annex  A.  This  black  powder  was  then 
converted  chemically  into  a  uranium  acetate  salt  suitable  for  the  bacteria. 

A  non-enriched  U3Os  sample  was  first  used  to  benchmark  the  chemical 
procedure.  In  general  terms,  the  solid  was  dissolved  and  oxidized  in  strong 
nitric  acid  to  form  the  uranyl  ion  U022+  (aq)  and  associated  metal-ligand 
complexes  with  the  nitrate  (See  Sections  1.2  and  1.3  in  Chapter  1).  Then  a 
strong  base  was  added  to  cause  U02(0H)2  (s)  to  precipitate.  The  supernatant 
was  removed  and  the  solid  rinsed  with  deionized  water  or  more  base  to  remove 
any  remaining  nitrate  from  the  solution.  After  the  last  rinse,  the  uranium 
hydroxide  was  dissolved  in  pure  acetic  acid.  This  solution  was  then  dried  down 
on  a  hot  plate  in  the  hood  to  form  the  uranium  acetate  salt.  The  salt  was  then 
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re-dissolved  in  deionized  water'  to  an  appropriate  concentration  and  measured  by 
ICP-AES. 

3.2.1  Benchmarking  the  Chemical  Procedure  for  U3Os 

The  first  step  in  the  experiment  was  to  make  the  reagents.  A  6.0  N 
potassium  hydroxide  (KOH)  solution  was  made  by  dissolving  95.842g  of  KOH(s) 
(Mallinckrodt,  Lot  No:  6984KJXJ,  87.8%  pure)  in  250  mL  of  deionized  water. 
The  solution  was  mixed  in  a  glass  volumetric  flask  aided  with  the  sonic  bath 

mixer. 

The  next  step  involved  the  dissolution  of  the  non-enriched  U308  solid.  An 
empty  sterile  50  mL  Corning  polypropylene  self-standing  centrifuge  tube  was 
weighed  on  a  Sartorius  Model  ISO9001  scale.  A  small  amount  of  U3Os  was 
added  using  a  clean  Teflon  spatula  into  the  centrifuge  tube.  The  centrifuge  tube 
was  re-weighed  and  subtracting  the  blank  centrifuge  tube  mass,  the  total  mass  of 
U3Os  was  0.2297  grams  giving  0.2728  millimoles  of  U3Os  and  0.8184  mllimoles  of 
uranium  (three  moles  of  uranium  per  mole  of  U3Og).  Then  10  ml  of  a  6.0  N 
HN03  acid  solution  made  from  a  concentrated  nitric  acid  solution  (JT  Baker, 
Lot  No:  L07056)  was  added  into  the  centrifuge  tube. 

According  to  the  [F  CRC],  U308  is  soluble  in  nitric  and  sulfuric  acids. 
Initially  there  seemed  to  be  no  reaction  of  the  black  powder  with  the  acid 
solution.  A  similar  experiment  on  the  dissolution  rates  of  U3Os  in  [4]  showed  the 
kinetic  rate  constants  in  6.0  N  HNOs  at  60°C  to  be  3.88xl0’7  molcm^mm1  with 
decreasing  rates  at  lower  temperatures.  In  [5]  another  experiment  on  the 
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dissolution  rates  was  performed  investigating  the  effect  of  temperature,  acid 
concentration,  and  agitation.  In  dissolving  0.8  grams  of  U3Os  with  400  ml  of  6.0 
N  nitric  acid  at  30°C  with  a  constant  agitation  of  500  rpm,  the  dissolution  rate 
started  slowly  for  the  first  60  minutes  and  then  steeply  increased  from  60  until 
85  minutes  and  then  continued  to  increase  at  a  slower  rate  until  the  solid  was 
fully  dissolved  at  180  minutes.  Because  there  was  no  agitation  in  the  centrifuge 
tube  and  the  temperature  was  near  20°C,  the  dissolution  for  the  U308  for  this 
experiment  took  considerably  longer.  By  the  next  day  though,  the  entire  black 
U3Og  had  dissolved  in  the  6.0  N  nitric  acid  and  the  solution  changed  from 
colorless  to  yellow. 

The  next  step  was  to  add  the  strong  base.  A  10  mL  solution  of  6.0  N 
KOH  was  added  slowly  into  the  centrifuge  tube  that  was  nestled  in  a  cool  water 
bath.  After  all  the  KOH  had  been  added,  an  orangish  cloudy  precipitate 
formed.  The  centrifuge  tube  was  placed  in  a  Sigma  204  centrifuge  for  five 
minutes.  The  pH  of  the  solution  was  assessed  with  ColorpHast  Indicator  Strips 
7.5-14  by  EM-Reagents  (Lot  No:  80311068)  and  was  in  excess  of  14.  The 
supernatant  was  poured  off  into  a  150  mL  nalgene  waste  container.  The  volume 
of  the  amorphous  uranium  hydroxide  solid  at  the  bottom  of  the  centrifuge  tube 
was  about  5  mL.  Deionized  water  was  added  to  the  25  mL  line  to  wash  the 
solid.  The  solution  was  centrifuged  for  five  minutes  and  the  rinse  solution 
placed  into  the  waste  container.  This  rinse  procedure  was  repeated  two  more 
times.  The  total  rinse  solution  in  the  nalgene  was  now  66  mL.  A  final  rinse  was 
performed  with  35  mL  and  centrifuged  for  nearly  two  hours.  This  final  rinse 
was  added  into  the  66  mL  making  a  total  rinse  volume  of  101  mL. 
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The  next  step  was  to  dissolve  the  remaining  solid  in  the  centrifuge  tube 
with  acetic  acid.  Concentrated  Glacial  Acetic  Acid  (Mallinckrodt,  17.34M,  Lot 
No:  3121.0N25A12)  was  used  in  this  experiment.  Forty  mL  of  acetic  acid  were 
added  into  the  centrifuge  tube  and  placed  in  the  ultra  sonic  bath  to  increase  the 
dissolution  rate.  The  total  dissolution  took  approximately  10  minutes.  The 
yellow  colored  solution  was  poured  from  the  centrifuge  tube  into  a  150  mL 
Pyrex  glass  beaker  and  placed  on  a  VWR  Model  370  hot  plate  at  a  low  setting  of 
two.  The  beaker  remained  under  a  hood  and  dried  down  overnight. 

In  the  morning,  a  visual  inspection  of  the  glass  beaker  showed  small,  clear 
yellow  clear  crystals.  Approximately  112  mL  of  deionized  water  were  added  into 
the  glass  beaker  to  dissolve  the  crystals.  The  crystals  were  tightly  sorbed  onto 
the  glass  and  were  difficult  to  dissolve.  Once  most  of  the  crystals  were  brought 
into  solution  by  scraping  the  bottom  of  the  glass  beaker  with  a  Teflon  spatula, 
the  uranium  waste  and  acetate  solutions  were  ready  for  concentration  analysis 
by  ICP-AES.  The  method  for  using  the  ICP-AES  is  discussed  in  Section  3.1  of 

this  chapter. 

The  samples  and  standards  for  the  ICP-  AES  were  run  next.  The 
uranium  acetate  solution  appeared  to  be  over  saturated  because  a  yellow 
precipitate  had  formed  on  the  bottom  of  the  beaker.  A  wide  range  of  standards 
was  chosen  to  determine  the  detection  limit  of  the  ICP-AES  for  uranium  with 
the  URANIUM  method  and  provide  a  linear  equation  for  concentration 
determination  of  the  unknown  samples.  The  linear  diagram  is  in  Figure  3.4. 
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The  U  in  Table  3.3  represents  the  label  used  for  the  uranium  acetate  solution 


and  the  W  represents  the  rinse  or  waste  solution. 


Table  3.3  ICP-AES  Data  for  Non-Enriched  U3Os  conversion  to  Uranium 
Acetate:  This  table  shows  the  raw  data  from  the  ICP-AES  used  to  determine  the 
detection  limit  and  concentration  of  an  unknown  sample. 


Sample 

Concentration 

(M) 

Spectral  Intensity 
(Mean  Value  of  3 
Measurements) 

Standard  Deviation 

- 1 

! 

| 

water 

unk  (~0) 

16491 

22.65 

water 

unk  (~0) 

16376 

132 

so  (0.1M  HN03) 

unk  (~0j 

15916 

304 

s7 

1.00E-07 

16183 

112 

s6 

1.00E-06 

17041 

125.5 

s5 

1.00E-05 

25149 

147 

s4 

1.00E-04 

97020 

540 

s3 

1.00E-03 

815448 

6929 

U3 

3.00313E-05 

40867 

333.5 

U2 

3.221 31 E-04 

274547 

1004 

W3 

1.69625E-06 

18199 

187.6 

W2 

1.83563E-05 

31527 

369.4 

0.1  M  HN03  (pi) 

Original  Solution  (pi) 

Calculated 

Original 

Concentration 

U3 

1:100 . 

9909 

90.9 

3  30E-03 

U2 

1:10 

9090.9 

909 

3.54E-03 

W3 

1:100 

9909 

90.9 

1.87E-04 

W2 

1:10 

9(m9" 

909 

2.02E-04 

The  rough  calculations  of  the  expected  concentrations  and  the  comparison 
to  the  actual  values  determined  by  ICP-AES  are  in  Table  3.4.  The  strong 
sorption  to  the  glass  and  over  saturation  of  the  solution  noted  above  in  the 
observation  of  the  fine  yellow  dust  of  the  bottom  of  the  beaker  accounted  for  the 
uranium  that  is  not  in  either  the  rinse  or  the  uranium  acetate  solution.  The  pH 
of  the  uranium  acetate,  measured  with  ColorpHast  indicator  strips  pH  0-6  (Lot 
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ICP  AES  Non  Enriched  Uranium  Acetate  Samples 
8  November  1999 


Figure  3.4  Calibration  curve  and  Concentration  Determination  for  Non- 
Enricbed  Uranium  Acetate  Solution-.  The  photon  intensities  of  385.958nm  for 
the  standard  non-enriched  uranium  solutions  with  a  known  concentration  are 
graphed  and  linearly  regressed.  This  regression  gives  an  equation  for  intensities 
as  a  function  of  concentration  to  determine  the  total  uranium  concentration  in  an 
unknown  sample 


No:  80332224),  was  pH5.  The  loss  associated  with  this  initial  run  would  attempt 
to  be  avoided  in  the  next  experiment  using  the  enriched  uranium  sample. 
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Table  3.4  Estimated  Concentration  of  the  Non-Enriched  Uranium  Acetate  Solution : 
This  diagram  expresses  the  expected  and  actual  uranium  concentrations  in  the  uranium 
acetate  and  waste  solutions. 


Estimated  Actual  Concentration 

Concentration  by  ICP-AES 


Rinse  Solution  0.08184  m  Moles/101ml=  0.81  mM  0.1945±0.0075 

mM 


3.2.2  Production  of  Enriched  Uranium  Acetate 

The  U500  enriched  uranium  sample  was  taken  over  to  the  clean  lab 
located  on  the.  A  mass  of  0.5457  grams  was  measured  into  a  60  mL  Teflon 
beaker.  Static  electricity  spread  some  of  the  black  powder  around  the  beaker. 
Then  20  mL  of  7.0  N  ultra  clean  HN03  acid,  measured  with  a  glass  graduated 
cylinder,  were  added  to  the  beaker  and  rolled  gently  to  get  all  the  U3Os  off  the 
sides.  The  temperature  in  the  clean  room  was  slightly  lower  than  the  outside 
temperature  and  held  constant  at  17°C.  Using  the  atomic  percentages  in 
Appendix  3,  Annex  A  (U500  molar  mass  of  U3Og  is  837.64  grams/mol),  this 
amounts  to  6.52  xl0‘3  moles  of  U3Og  and  1.955  xlO'3  moles  of  uranium.  In  the  20 
mL  of  nitric  acid,  this  amounted  to  a  concentration  of  9.78xl0‘2  M.  A  small 
aliquot  of  1.1687  grams  of  the  solution  was  removed  that  would  be  used  later  as 
the  internal  standard  for  the  empirical  behavior  of  U500  in  the  TIMS  machine. 
Using  a  rough  assumption  that  1.2  grams  of  solution  is  equal  to  1  mL  ([6]  for  the 
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density  of  7.0  N  HNOa),  this  amounts  to  9.52x10  s  moles  removed,  leaving  a  total 
of  1.86xl0‘3  moles  of  uranium  left  in  the  teflon  beaker. 

The  uranium  solution  was  divided  into  two  50  mL  sterile  polypropylene 
centrifuge  tubes  (approximately  ten  mL  in  each  tube).  Prior  to  adding  the 
strong  base,  the  tubes  were  placed  in  a  cool  water  bath  to  absorb  the  heat. 
Then  10  mL  of  6.0  N  KOH  were  slowly  added  to  each  centrifuge  tube.  The 
orangish  precipitate  formed  almost  immediately.  The  exothermic  reaction  was 
allowed  to  cool  in  the  bath  for  twenty  minutes  until  cool  to  the  touch.  The 
tubes  were  then  placed  into  an  International  Clinical  Company  (No:  W7926) 
centrifuge  and  spun  for  twenty  minutes  at  approximately  1600  revolutions  per 

minute  (rpm). 

The  supernatant  was  removed  by  pouring  the  solution  into  a  250  mL 
nalgene  container.  Then  25  mL  of  deionized  water  was  added  to  each  tube  to 
wash  the  solid.  The  tubes  were  shaken  manually  to  suspend  the  solids  and  wash 
away  any  remaining  ions.  The  tubes  were  again  centrifuged  and  the  supernatant 
poured  off  into  the  nalgene.  The  next  rinse  used  36.5  mL  of  deionized  water 
into  each  culture  tube.  The  procedure  was  repeated  once  more.  The  total  rinse 
solution  in  the  nalgene  container  was  now  196  mL. 

The  remaining  solid  was  dissolved  by  adding  40  mL  of  the  glacial  acetic 
acid  into  each  centrifuge  tube.  The  solutions  were  placed  into  the  sonic  mixer  to 
increase  the  mixing  rate.  The  yellow  solutions  were  then  placed  into  a  150  mL 
Pyrex  glass  beaker  and  placed  on  the  hot  plate  to  dry  down  in  the  hood 
overnight.  The  sides  were  rinsed  with  acetic  acid  to  see  if  any  yellow  residue 
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appeared  to  help  reduce  the  loss.  When  the  solution  had  dried  completely,  60 
mL  of  deionized  water  were  added  into  beaker  to  dissolve  the  salts  this  time 
with  a  5  mm  magnetic  stirrer  bar.  After  mixing  for  45  minutes  on  a  VWR 
Scientific  Products  Hot  Plate/  Magnetic  Stirrer  model  370  at  a  speed  setting 
such  that  a  small  vortex  formed,  all  the  uranium  acetate  crystals  had  dissolved. 


Table  3.5  JCP-AES  Data  for  Enriched  U3Oa  conversion  to  Uranium  Acetate: 
This  table  shows  the  raw  data  from  the  ICP-AES  used  to  determine  the  detection 
limit  and  concentration  of  an  unknown  sample. 


Spectral  Intensity 
(Mean  Value  of  3 
Measurements) 


Sample 

Concentration 

(M) 

water 

unk  (~0) 

water 

unk  (~0) 

water 

unk  (~0) 

so  (,1M  HN03) 

unk  (~0) 

so  (.1M  HN03) 

unk  (~0) 

s7 

1.00E-07 

s6 

1.00E-06 

s5 

1.00E-05 

s4 

1.00E-04 

s4 

1  1.00E-04 

s3 

1.00E-03 

rinse  no  dilution 

2.691  E-05 

water 

unk  (~0) 

rinse  1:1  dilution 

1.698E-05 

rinse  1:4  dilution 

7.358E-06 

uranium  1:40 

3.458E-04 

uranium  1:80 

1.763E-04 

rinse  no  dilution 

0 

rinse  1:1  dilution 

1:1 

rinse  1:4  dilution 

1:4 

Uranium  1:40 

1:40 

Uranium  1:80 


Calculated 

Original 

0.1  N  HN03  (ml)  Original  Solution  (ml)  Concentration 


0  I  10  |  2.69E-05 


3.40E-05 


8 _ _ 2  I  3.68E-05 


9-75  [  0.25  1.38E-02 


9.875  0.125  1.41E-02 


This  solution  was  then  poured  into  a  100  mL  volumetric  flask.  The  sides  of  the 
beaker  where  rinsed  with  deionized  water  and  also  poured  into  the  flask.  Then  a 
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final  volume  was  added  to  the  flask  to  bring  it  to  the  100  mL  line.  The  100  mL 
solution  was  then  poured  into  a  clean  Savillex  Mpls  Teflon  180  mL  beaker.  The 
solution  and  the  rinse  solution  were  analyzed  by  the  ICP-  AES  for  total  uranium 
concentration.  The  raw  data  for  the  spectral  intensities  is  in  Table  3.5.  The 
calibration  curve  and  the  linear  equation  are  in  Figure  3.5. 


ICP  AES  Biriched  Uranium  Acetate  Samples 
17  Novemebr  1999 


Fisure  3  5  Calibration  curve  and  Concentration  Determination  for  the 
Enriched  Uranium  Acetate  Solution :  The  photon  intensities  of  385.958nm  for 
the  standard  enriched  uranium  solutions  with  a  known  concentration  are  graphed 
and  linearly  regressed.  This  regression  gives  an  equation  for  intensities  as  a 
function  of  concentration  to  determine  the  total  uranium  concentration  in  an 

unknown  sample.  _ _ _ _ _ _ _ 

The  average  concentration  of  the  rinse  solution  was  3.26±0. 51x10  M  and 
the  uranium  acetate  solution  was  1.40±0.02xlQ-2  M.  The  undiluted  rinse  sample 
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was  a  bright  orange  and  the  basic  properties  of  the  original  rinse  solution  may  or 
may  not  have  affected  this  intensity.  Normally  the  solutions  are  filtered  and 
diluted  in  acid  prior  to  the  analysis  by  the  ICP-AES,  but  in  the  case  of  the  rinse, 
the  concentration  was  very  close  to  the  detection  limit  so  an  attempt  was  made 
to  evaluate  the  spectral  intensity  untreated.  Because  the  calculated 
concentration  of  the  rinse  with  no  dilution  was  two  standard  deviations  from  the 
mean  of  the  other  two,  this  measurement  was  not  included  into  the  average  for 
the  rinse  concentration.  This  also  meant  that  of  the  original  1.860xl0'3  moles  of 
uranium,  4.565xl0'4  moles  was  lost  again  to  sorption  to  the  glassware  during  the 
mixing  steps  or  that  the  solution  had  started  to  come  out  of  solution  as  a  result 
of  the  pH.  This  time  the  pH  was  measured  around  4.75  using  the  pH  indicator 
strips.  This  equaled  a  net  recovery  of  75.11%  of  the  original  uranium  that  was 
dissolved  in  the  nitric  acid.  This  solution  was  used  for  the  next  bacterial 
reduction  experiment.  A  small  amount  of  yellow  precipitate  had  settled  on  the 
bottom  of  the  teflon  beaker  once  again  indicating  the  probable  over  saturation  of 
the  solution. 

The  enriched  uranium  solution  was  poured  into  a  glass  bottle  and  the  fine 
yellow  solids  on  the  bottom  were  treated  with  a  small  amount  of  1.0  N 
hydrochloric  acid  (HC1)  to  dissolve  the  precipitate.  This  was  then  consolidated 
into  a  clean  glass  bottle.  The  small  volume  of  acid  did  not  change  the 
concentration  of  the  solution  a  significant  amount.  A  small  amount  of  this 
solution  was  used  to  make  the  uranium  media  for  the  bacteria  in  a  process  that 
will  be  described  in  greater  detail  in  the  next  section.  Two  series  of  culture 
tubes  were  made,  one  a  control  series  and  the  other  an  interaction  series.  Each 
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series  added  formaldehyde  to  stop  any  reaction  at  time  0,  4,  and  8  hours. 
Additionally  two  culture  tubes  were  allowed  to  interact  indefinitely  without  any 
formaldehyde  added.  None  of  the  bacteria  samples  reduced  the  uranium  as  they 
had  before.  There  was  no  sign  of  any  black  precipitate  in  any  of  the  culture 
tubes  after  over  two  weeks. 

The  continued  presence  of  nitrate  ions  would  have  prevented  the 
reduction  of  the  uranium  ions  in  solution.  The  bacteria  would  continue  reducing 
the  nitrate  as  opposed  to  the  uranium  ions  for  its  anaerobic  respiration.  A 
rough  estimate  of  the  nitrate  concentration  was  made  with  the  assumption  that 
2  mL  of  6.0  N  HN03  remained  in  the  centrifuge  tubes  after  the  supernatants 
were  removed.  After  the  first  rinse  with  73  mL  of  deionized  water,  the 
concentration  should  have  been  about  0.162  M  of  nitrate.  After  the  second  rinse 
again  with  73  mL,  the  concentration  would  have  been  4.38  mM  in  the  2  mL  of 
solid  and  solution  mixture  at  the  bottom  of  the  centrifuge  tube.  This  was  later 
diluted  with  the  acetic  acid,  dried  down,  and  then  later  brought  back  into  the 
112  mL  of  deionized  water.  So  there  appeared  that  there  was  a  possibility  that 
enough  nitrate  existed  requiring  the  more  thorough  washing  of  the  hydroxide 
solid.  The  uranium  hydroxide  would  be  re-precipitated  from  the  uranium 
acetate  solution  that  had  been  used  to  make  the  uranium  media,  however  this 
time  the  solids  would  be  washed  for  five  to  six  times  to  ensure  all  the  nitrate 

ions  were  removed. 

The  glass  bottle  and  ten  glass  culture  tubes  containing  the  controls  and 
samples  with  the  enriched  uranium  acetate  solution  were  returned  to  the 
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laboratory.  The  pH  of  the  uranium  acetate  solution  was  assessed  with  the  pH 
indicator  strips  to  be  pH  4,  slightly  lower  than  its  original  reading  because  of  the 
1.0  N  HC1  acid  added  that  was  described  earlier.  The  uranium  acetate  solution 
in  the  glass  bottle  was  dried  down  to  a  volume  of  80  mL  and  then  poured  into 
three  50  mL  centrifuge  tubes.  The  first  had  approximately  25  mL,  the  second  25 
mL,  and  the  third  30  mL.  Using  a  disposable  pipettor,  6.0  N  KOH  was  added 
into  each  tube  until  no  more  precipitate  formed.  The  orangish  precipitate 
formed  almost  immediately  as  the  drips  of  base  hit  the  solution.  All  three  tubes 
became  completely  clouded  after  two  additions  of  2-3  mL  of  the  base  from  the 
pipettor  such  that  additional  precipitate  formation  could  not  be  detected.  The 
samples  were  placed  in  the  International  Clinical  Company  centrifuge  at  1600 
rpm  for  five  minutes  bringing  the  solid  to  the  bottom  and  allowing  visual 
inspection  of  the  solution  again.  Three  more  drops  of  base  were  added  into  each 
of  these  two  centrifuge  tubes  without  anymore  visible  precipitate  formation. 
The  samples  were  then  shaken  manually  to  ensure  a  good  equilibrium  and 
centrifuged  one  last  time  for  five  minutes. 

The  next  step  was  the  separation  of  the  uranium  hydroxide  and  the  wash 
of  the  solids.  Approximately  41-42  mL  of  deionized  water  were  added  to  the 
solids,  manually  shaken,  and  then  placed  into  the  centrifuge  for  five  minutes. 
The  pH  of  the  solutions  was  more  closely  monitored,  testing  each  rinse  with  the 
pH  indicator  strips  (Table  3.6).  The  rinse  solutions  were  poured  off  into  three 
250  mL  nalgene  containers.  By  the  fourth  rinse,  the  decreasing  pH  and 
decreasing  hydroxide  concentration  began  to  dissolve  some  of  the  precipitate. 


80 


Using  a  disposable  pipettor,  4-5  drops  of  the  6.0  N  KOH  were  added  to  stabilize 
the  solid.  This  final  rinse  was  then  poured  off  into  the  nalgene  containers. 


Table  3.6  pH  Measurements  of  the  Rinse  Solutions: 
Re-preparation  of  the  enriched  uranium  acetate  to 
remove  any  nitrate  ions  remaining  in  solution. 

Rinse 

Bottle 

pH 

0 

1 

>14 

2 

>14 

3 

>14 

DI  H20 

7 

1 

1 

13 

2 

12.5 

3 

14 

2 

1 

11.5 

2 

11.0 

3 

12.0 

3 

1 

10.0 

2 

8.5 

3 

9.5 

4 

1 

8.5 

2 

8.0 

3 

8.0 

The  next  step  was  dissolving  the  hydrated  uranium  hydroxide  solid  with 
the  acetic  acid.  Fifteen  mL  of  deionized  water  were  added  to  each  centrifuge 
tube.  The  acetic  acid  was  added  using  a  disposable  pipettor  until  the  solid 
dissolved.  After  two  additions  of  approximately  2-3  mL  of  acetic  acid,  the  solids 
disappeared.  The  solutions  in  the  three  centrifuge  tubes  were  poured  into  a  100 
mL  volumetric  flask.  The  tubes  were  each  rinsed  with  acetic  acid  which  was  also 
poured  into  the  100  mL  flask.  The  flask  was  then  topped  off  to  the  100  mL  line 

with  deionized  water. 
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Table  3 . 7  ICP-AES  Data  for  Re-prepared  Enriched  Uranium  Acetate:  This 
table  shows  the  raw  data  from  the  ICP-AES  used  to  determine  the  detection  limit 
and  concentration  of  an  unknown  sample. 

Sample 

Concentration 

(M) 

Spectral  Intensity 
(Mean  Value  of  3 
Measurements) 

Standard 

Deviation 

Dl 

unk (~0) 

22418 

167.9 

Dl 

unk (~0) 

21969 

90.7 

0.1  HN03 

unk  (~0) 

21958 

177.6 

10-7  STD 

unk  (~0) 

21825 

31.45 

10-6  STD 

0.000001 

22585 

66 

10-5  STD 

0.00001 

30306 

55.4 

10-4  STD 

0.0001 

94757 

350.6 

10-3  STD 

0.001 

728203 

5671 

ImM  Old  Sample 

1.02E-03 

741833 

7009 

Sample  1 

3.06E-03 

2183900 

33153 

Sample  2 

5.57E-04 

415969 

3740 

Sample  3 

5.53E-05 

62079 

248.2 

Dl 

unk (~0) 

222.2 

Sample  3 

5.57E-05 

320.9 

0.1  N  HN03  (ml) 

Original  Solution 

Calculated  Original 
Concentration  (M) 

Sample  1 

5:5 

5 

5 

6.13E-03 

Sample  2 

1:10 

10 

1 

6.13E-03 

Sample  3 

0.1:10 

10 

0.1 

5.62E-03 

Sample  3 

0.1:10 

10 

0.1 

5.58E-03 

Next  the  solutions  were  dried  down  on  a  hot  plate  to  obtain  the  uranium 
acetate  salts.  The  100  mL  solution  was  poured  into  a  250  mL  volumetric  flask. 
In  addition,  there  appeared  to  be  some  yellow  precipitate  in  the  bottom  of  the 
second  of  three  rinse  solution  bottles.  At  this  point,  an  effort  was  made  to 
recover  as  much  of  the  enriched  uranium  as  possible.  The  250  mL  in  the 
nalgene  rinse  container  was  divided  into  six  50  mL  centrifuge  tubes  (about  40-45 
mL  in  each).  Concentrated  acetic  acid  was  added  to  nalgene  container  to 
dissolve  the  yellow  precipitate  that  remained  on  the  bottom,  and  was  poured 
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Spectral  Intensity 


into  the  250  mL  volumetric  flask.  Three  drops  of  6.0  N  KOH  were  added  to 
stabilize  any  hydroxide  solids  in  the  centrifuge  tubes.  These  were  spun  in  the 
centrifuge,  the  supernatant  poured  off,  and  any  remaining  yellow  solid  was 
dissolved  with  2.5  mL  of  acetic  acid.  All  this  was  added  into  the  250  mL 

1)500  Uranium  Acetate  Solution  ICPAES 


Figure  3.6:  Calibration  curve  and  Concentration  Determination  for  the  Re- 
prepared  Enriched  Uranium  Acetate  Solution :  The  photon  intensities  of 
385  958nm  for  the  standard  enriched  uranium  solutions  with  a  known 
concentration  are  graphed  and  linearly  regressed.  This  regression  gives  an 
equation  for  intensities  as  a  function  of  concentration  to  determine  the  total 
uranium  concentration  in  an  unknown  sample. 


volumetric  flask.  The  flask  was  then  placed  on  the  hot  plate  and  brought  to  a 


83 


gentle  boil.  The  boil  was  monitored  to  ensure  no  loss  of  uranium  to  the  boil 
outside  the  flask.  After  over  15  hours,  the  uranium  acetate  salts  had  dried 
completely.  The  flask  was  removed  from  the  hot  plate  and  allowed  to  cool. 

The  final  step  was  adding  250  mL  of  deionized  water  and  then  analyzing 
the  final  uranium  concentration.  This  time  a  larger  volume  was  chosen  to 
ensure  that  the  solution  was  less  concentrated  and  not  over  saturated,  and  yet 
still  high  enough  that  the  solution  could  be  diluted  to  the  2mM  concentration 
needed  for  the  bacterial  medium.  The  results  from  the  ICP-AES  are  in  Table 
3.7  and  calibration  graph  is  in  Figure  3.6. 

The  average  uranium  concentration  was  5.87xl0'3±3.03xl0'4M.  The  pH  was 
tested  with  the  pH  indicator  strips  to  be  4.5.  This  solution  would  be  used  to 
make  the  enriched  uranium  media  described  in  the  next  section. 

3.3  Microbiology  Experimental  Procedures 

Many  bacteria  use  oxygen  in  their  metabolic  process.  Some  bacteria  are 
capable  of  using  metals  and  a  few  non-metals  as  the  electron  acceptor  in 
anaerobic  respiration.  There  were  three  environmental  bacteria  strains  known 
to  reduce  aqueous  uranium:  Geobacter  metallireducens  ( GS15 ),  Shewanella 
putrefactions,  and  many  strains  of  Sulfur  Reducing  Bacterium  (SRB).  GS15  and 
SRB  are  inherently  anaerobic  and,  thus  grow  slowly.  Because  Shewanella  can 
grow  aerobically  and  anaerobically,  it  was  much  easier  and  faster  to  produce 
large  amounts  of  material.  Shewanella  also  reduced  uranyl  ions  quicker  than  the 
other  two  bacteria  and  can  not  use  sulphate  as  the  reductant. 
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Up  to  this  point,  three  experiments  using  cultured  specimens  of 
Shewanella  Putrefaciens  had  been  carried  out.  These  experiments  were 
performed  twice  for  the  indicator  dye  study  and  once  with  the  enriched  uranium 


Table  3.8  Summary  of  the  Steps  Involved  in  Preparing  the  Anaerobic  Media  and 
the  Bacteria  for  the  Uranium  Reduction  Experiment.  _ ____ 

.  !  Grow  Shewanella  Putrefaciens  (SP)  in  LB  medium  (usually  2-3  days) 

Inoculum  2  Coliect  the  cells  by  centrifugation  at  10,000  rpm  for  ten  minutes 
3’  Wash  the  cells  with  NaHC03  (2.5g/L),  three  times 
4.  Ready  for  inoculation 


Add  5  ml  of  media  per  tube 

Flush  with  C02+N2  gas  for  2  minutes 

Autoclave 

Cool  down  to  room  temperature 
Inoculate  with  SP  (SP  107-108  cells/ml) 

Keep  in  warm  environment  until  sampling  time  is  complete 


U02(CH3C00)2,  2mM 
Lactate-Na,  5mM 
NaHC03,  2.5g/L 

Basal  Salts,  lOOx,  lOml/L  (free  of  phosphate,  VOf) 
Trace  Elements  lOOOx,  lml/L 
Vitamins  lOOOx,  lml/L 
CaC12.  lOOOx.  1  ml/L 


Time  Course 
Experiments 


Sampling  Time 


T=0  hour 
T=4  hour 
T-=8  hour 
(  T=24  hour 

T=96  hour 


acetate  attempting  to  precipitate  enriched  uraninite  by  microbial  reduction. 
Only  one  of  the  three  succeeded  in  the  reduction  of  uranium.  The  first 
experiment  failed  because  of  phosphate  in  the  medium  that  precipitated  out  the 
uranium.  The  first  experiment  with  the  enriched  uranium  acetate  failed  because 


85 


of  suspect  contamination  of  the  media  with  nitrate.  The  basic  procedure  for 
preparing  the  biological  samples  is  in  Table  3.8. 

The  same  procedure  outlined  in  Table  3.8  was  used  to  make  the  culture 
tubes  for  the  second  trial  with  the  enriched  uranium  samples.  Shewanella  are 
first  grown  aerobically  in  a  luria-bertani  (LB)  medium.  A  small  amount  of 
Shewanella  are  grown  in  a  warm  environment  near  room  temperaturefor  two  to 
three  days  in  the  LB  medium.  The  bacteria  are  then  spun  in  a  Beckman  model 
J2-21  centrifuge  and  washed  with  a  bicarbonate  buffer.  Simultaneously  25mL 
anaerobic  culture  tubes  containing  a  solution  of  salts,  vitamins,  bicarbonate 
buffer,  and  the  uranium  media  are  prepared.  These  solutions  are  flushed  with  a 
nitrogen/  carbon  dioxide  mix  to  de-oxygenize  the  mixture  and  are  then  capped. 
The  culture  tubes  are  then  autoclaved  in  a  Castle  Thermatic  Model  60  at  15  psi 
and  near  120°C  to  sterilize  the  media.  After  an  appropriate  cool  down  time,  the 
tubes  are  the  inoculated  by  adding  the  strain  with  a  sterile  Becton  -Dickinson 
needle  and  BD  23G  1  mL  syringe. 

An  LB  solution  was  made  by  dissolving  12.50  grams  of  dry  LB  powder 
from  DIFCO  Laboratories  into  500  mL  of  deionized  water  in  a  1  liter  glass 
bottle.  The  bottle  is  then  autoclaved  and  allowed  to  cool.  A  concentrated  stock 
amount  of  the  Shewanella  Putrefaciens  strain,  labeled  MR-  1  in  2.5g/L  NaHC03, 
was  kept  in  a  20  mL  glass  culture  tube  in  the  freezer.  After  the  cells  thawed  to 
room  temperature,  two  mL  of  Shewanella  stock  were  added  directly  into  the  500 
mL  LB  broth.  The  glass  bottle  cap  was  run  directly  over  an  open  flame  to 
prevent  contamination  and  then  applied  loosely  back  on  the  bottle.  The  bottle 
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was  then  placed  at  30°C  with  a  magnetic  stirrer  bar  added  to  help  prevent 
clumping  during  growth.  The  bacteria  were  then  allowed  to  grow  in  this  media 
for  approximately  three  days. 

While  the  bacteria  grew  in  the  LB  broth,  two  sequential  events  occurred: 
1)  preparation  of  the  re-conditioned  enriched  uranium  acetate  described  above  in 
Section  3.2.2  and  2)  preparation  of  the  uranium  media  and  the  culture  tubes. 
The  concentration  of  the  enriched  uranium  acetate  solution  rinsed  clean  of 
nitrate  ions  was  evaluated  by  ICP-AES  to  be  5.87  mM.  The  uranium  solution 
was  mixed  according  to  the  procedure  in  Table  3.9,  to  make  100  raL  of  the 
uranium  media  (the  specific  components  of  the  ingredients  in  Table  3.9  are  in 
Appendix  3,  Annex  C).  The  uranium  concentration  was  made  slightly  higher 
than  2mM  (actual  2.10  mM)  to  account  for  the  standard  deviation  in  the  ICP- 
AES  value  of  the  concentration  determination.  The  media  was  mixed  in  a  100 
mL  volumetric  flask.  The  contents  in  Table  3.9  were  added  first  and  then 
deionized  water  up  to  the  100  mL  line  on  the  flask.  The  pH  was  tested  with  an 
indicator  strip  to  be  pH  7  which  was  within  the  pH  6.5  to  7.0  required  for  the 


Table  3.9  Components  of  the  Uranium  Media:  A  100  ml  of  this  uranium 
was  ureuared,  with  5  ml  of  the  media  in  each  culture  tube. 

1. 

NaHC03  (lOOxlOOg/L) 

2.5g/L 

02.5  ml 

2. 

Basal  Salts 

10  ml/L 

1  ml 

3. 

Trace  Elements 

1  ml/L 

0.1  ml 

4. 

Vitamins 

1  ml/L 

0.1  ml 

5. 

CaC12  (lOOOx) 

1  ml/L 

0.1  ml 

6. 

Lactate  (lOOx) 

5mM 

1ml 

7. 

UQ2(CH3COO)2 

2mM 

35.71  ml 
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bacteria. 


Five  mL  of  this  media  was  then  added  to  each  glass  culture  tube  shown  in 
the  photo  with  Table  3.8.  Nitrogen  and  carbon  dioxide  gas  are  bubbled  into  the 
solution  for  two  minutes  and  then  sealed  prior  to  insertion  into  the  autoclave. 
After  all  the  culture  tubes  are  sealed,  they  are  placed  into  the  autoclave  which 
brought  the  temperature  up  to  120°C  for  25  minutes.  The  culture  tubes  are 
then  cooled  for  30  minutes. 

The  Shewanella  bacteria  were  removed  from  the  oven  after  four  days  of 
growth.  The  LB  broth  and  the  bacteria  were  poured  into  two  250  mL  centrifuge 
cups.  They  were  placed  into  a  Beckman  Model  JL-21  centrifuge  at  a  speed  of 
10,000  rpm  and  temperature  of  30°C  for  10  minutes.  After  the  centrifuge,  the 
bacteria  laid  in  a  small,  pinkish  clump  at  the  bottom.  The  LB  broth  was  poured 
off  and  a  2.5g/L  bicarbonate  solution  was  poured  into  the  cup  just  enough  to 
cover  the  cells.  A  spatula  was  used  to  improve  the  rinsing  of  the  cells.  This 
was  then  returned  into  the  centrifuge  where  this  was  repeated  two  more  times. 
After  the  third  rinse,  the  bicarbonate  was  drained  off  exposing  only  the  cells. 
Then  another  solution  of  2.5g/  L  bicarbonate  was  poured  into  the  cup  just 
enough  to  cover  the  cells  and  the  cells  re-suspended  with  the  spatula.  A  metal 
syringe  inserted  0.2  mL  of  this  solution  through  the  rubber  stopper  that  sealed 
the  culture  tubes  to  inoculate  the  five  sample  bottles.  These  five,  now  labeled 
with  blue  tape  as  the  controls,  were  placed  immediately  into  the  autoclave  to  kill 
the  cells.  The  five  culture  tubes  were  autoclaved  for  25  minutes  and  allowed  to 
cool  for  35  minutes. 
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The  remaining  five  culture  tubes  were  inoculated  with  0.2mL  of  the 
bacteria  and  bicarbonate  solution.  These  five  culture  tubes  were  labeled  with 
pink  tape.  After  inoculation,  all  ten  culture  tubes  were  returned  into  the  oven 
that  maintained  a  30°C  environment  and  were  allowed  to  interact.  After  the 
specific  interaction  time,  0.5  mL  of  formaldehyde  was  added  to  both  the  blue 
and  pink  respective  culture  tubes  to  kill  the  cells  and  stop  the  reduction 
reaction.  There  were  clear  signs  of  uraninite  formation  in  all  culture  tubes. 
This  uraninite  was  then  analyzed  in  Chapter  4  for  any  biological  fractionation  in 
the  uranium  isotopic  ratio. 

3.4  Physical  Structure  of  the  Crystals 

This  section  is  out  of  sequence  in  terms  of  the  experimental  order,  but  not 
in  terms  of  significance.  The  source  of  the  uraninite  precipitate  came  from  the 
freeze-dried  sample  discussed  in  Chapter  2,  Section  2.3.3.  Dried  solid  samples 
were  analyzed  with  both  a  scanning  electron  microprobe  (SEM)  and  X-Ray 
Diffraction  (XRD)  to  determine  qualitative  structure  of  the  crystals  and  verify 
indeed  that  the  solid  forming  was  uraninite,  U02  (s),  and  not  triuranium 
octaoxide,  U3Os  (s),  which  has  a  similar  physical  appearance. 


3.4.1  X-Ray  Diffraction 

X-rays  interact  with  a  crystal  lattice  in  the  same  way  that  light  interacts 
with  a  conventional  diffraction  grating.  They  are  dispersed  in  different 
directions  according  to  wavelength.  The  diffraction  of  X-rays  by  crystals  is 
described  by  Bragg’s  Law  of  nX=2dsin0.  Incoming  waves  are  scattered  by 
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successive  planes  of  atoms.  Scattered  rays  for  which  Bragg’s  equation  is  satisfied 
experience  constructive  interference  and  will  form  a  diffracted  beam  at  an  angle 
0  equal  to  the  angle  of  incidence  of  the  incoming  rays.  The  crystal  planes  act  as 
a  selective  mirror.  X-rays  that  do  not  satisfy  Bragg’s  Law  undergo  a  form  of 
destructive  interference  and  do  not  form  a  reflective  pattern.  The  diffraction 
pattern  is  indicative  of  the  specific  lattice  spacing  associated  with  each  crystal. 
In  this  way,  the  uranium  solid  precipitated  by  the  bacteria  will  be  tested  for  its 
lattice  spacing  and  then  compared  against  the  library  and  matched  with  a 
specific  crystal  in  the  Primary  Data  File  (PDF).  An  example  of  PDF  41-1422, 
the  reference  used  for  uraninite  is  shown  in  Table  3.10. 


Table  3.10  PDF  41-1422  XRD  Spectroscopic  Data  for  Uraninite  U02  (s) 
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Diffractomers  were  used  for  the  analysis. 
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Figure  3.7  Rigaku  RU300  X-Ray  Generator 


A  zero  background  polished  silicon  sample  holder  was  provided  to  mount 
the  uranium  crystals  using  a  pre-mixed  bottle  of  nitro-cellouse  (also  known  as 
collodian)  as  the  binder  for  the  uranium  powder  to  the  sample  holder.  The 
sample  holder  was  returned  to  the  glove  box  where  uraninite  sample  was  stored 
after  it  had  completed  drying  down  in  the  freezer  dryer.  Using  a  disposable 
pipettor  in  the  glove  box,  a  small  dusting  of  dried  uranium  precipitate  was 
placed  on  the  sample  holder.  Five  drops  of  collodian  were  placed  on  top  of 
crystal  and  allowed  to  dry  for  four  hours. 
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Figure  3.8  Zero  Background 
Sample  Holder 


After  four  hours,  the  sample  holder  was  placed  in  the  lid  of  50  mL 
centrifuge  tube  and  sealed  with  plexifilm  to  avoid  and  contamination  or 
oxidation.  The  sample  was  delivered  to  X-Ray  Diffraction  machine  location. 


Table  3.11  The  Scan  Parameters  for  the  two  XRD 
Analyses  Performed  on  the  Bacterial  Precipitate. 

Analysis  1  Preliminary  Scan 
File:  Z14534.raw 
Scan  Range:  25°-90° 

Seem  Speed:  20°/min 
Sampling  Interval:  0.02° 

Analysis  2  Increased  Intensity  Scan 
File  Z14535.raw 
Scan  Range:  20°-90° 

Scan  Speed:  2°/min 
Sampling  Interval:  0.02° 


Two  broad  band  X-Ray  scans  were  performed  on  the  target.  The  parameters  for 
each  is  in  Table  3.11.  The  preliminary  scan  did  not  observe  much  of  a  signature. 
The  scan  was  slowed  down  by  a  factor  of  10  to  increase  the  intensity,  but 


reduced  to  a  small  degree  the  resolution.  The  results  from  the  XRD  are 
Appendix  3,  Annex  D.  The  results  clearly  show  the  spacing  characteristic  of 
uraninite  mineral.  Selective  graphs  are  shown  below  in  Figures  3.9  and  3.10. 
The  uraninite  peak  values  and  relative  intensity  in  the  reference  library  line  up 
very  close  with  the  signature  from  the  uranium  crystals  from  the  bacterial 
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Figure  3.10  The  X-Raw  Spectra  of  the  Silicon  Sample  Holder  and  Collodian  with 
and  without  the  sample  (i.e.  background  spectra). 


3.4.2  Scanning  Electron  Microprobe 

The  Electron  Microprobe  is  a  useful  tool  to  observe  mineral  structure  and 
determine  relative  concentrations  for  elements  forming  the  mineral.  It  focuses  a 
high-energy  electron  beam  to  create  images  and  uses  characteristic  X-rays  from 
the  exposed  specimen  to  determine  its  chemical  composition.  It  provides  a  non¬ 
destructive  approach  of  analyzing  chemical  variation  at  a  micrometer  scale.  The 
JEOL  JXA-733  "Superprobe"  was  used  to  study  the  uranium  precipitate.  The 
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JEOL  Superprobe  is  known  as  a  wavelength  dispersive  (WD)  X-Ray 
spectrometer.  The  X  Ray  source,  the  crystal,  and  the  detector  lie  on  the 
circumference  of  a  hypothetical  circle  with  constant  radius  called  the  Rowland 
circle.  It  then  applies  Bragg’s  law  to  determine  which  is  most  suitable  to  view  a 
particular  diffracted  X-Ray  scattered  off  a  crystal.  The  electron  beam 
penetrates  approximately  2  pm  for  elemental  composition.  For  EDS  (energy 
dispersive  spectral)  analysis  a  Si-Li  drifted  crystal  detector  was  used.  WDS 
(wavelength  dispersive  spectrometry)  was  performed  using  TAP,  PET  and  LIF 
crystals. 

There  are  some  limitations  for  the  SEM  which  impeded  the  use  of  the 
SEM  as  a  secondary  source  to  the  XRD  for  crystal  characterization.  The  XRD 
used  lattice  spacing  to  distinguish  between  U308  and  U02.  SEM  would  need  to 
quantitatively  measure  the  chemical  composition  of  the  grams,  however 
quantitative  measurements  of  oxygen  based  compounds  with  the  SEM  are  very 
difficult.  Analyzing  light  elements  like  oxygen  that  have  atomic  numbers  below 
10  are  very  difficult  for  the  following  reasons: 

1)  Low  energy  or  soft  x-rays  are  strongly  absorbed  in  the  specimen  or 
the  detector,  so  count  rates  are  low. 

2)  Spectral  interference  from  L  and  M  lines  of  the  heavier  elements  and 
rising  continuum  intensity  at  long  wavelengths  leads  to  low  peak  to  background 
ratios. 

For  these  reasons,  the  actual  count  of  uranium  to  oxygen  atoms  in  the 
uranium  crystals  in  the  SEM  was  inconclusive  in  determining  whether  the 
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crystal  was  U3Os  or  U02.  It  did  provide  some  qualitative  results  demonstrating 
the  crystal  size  to  be  very  small,  normally  less  than  one  micron.  A  picture  of 
the  dried  uranium  mounted  on  sticky  carbon  paper  is  shown  in  Figure  3.11 


Figure  3.11  SEM  Picture  of  the  Uranium  Precipitate  by 
Bacterial  Reduction. 


3.5  Conclusions 

The  objective  of  this  chapter  was  to  provide  a  broad  overview  of  the 
general  methods  used  in  laboratory  for  the  bacterial  reduction  of  uranium  using 
Shewanella  putrefaciens.  The  last  portion  of  this  chapter  explained  the  structure 
of  the  precipitate  that  was  identified  as  the  mineral  uraninite  U02.  There  were 
some  important  lessons  that  were  learned  through  each  step. 
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The  first  was  the  kinetics  involved  in  the  dissolution  of  U308  with  nitric 
acid.  The  literature  states  the  improved  dissolution  kinetics  with  heat  and 
agitation.  This  would  have  increased  the  dissolution  times  in  our  research.  The 
interesting  effect  here  that  is  also  addressed  in  Chapter  2,  is  the  uranium 
speciation  in  the  acid.  The  mixed  oxidation  state  of  U3Og  is  dissolved  entirely 
into  the  uranyl  ion  U022+  (aq)  by  oxidizing  the  uranium  (IV)  to  U(VI).  In  the 
dye  experiment  in  Chapter  2,  the  uranium  was  also  dissolved  in  nitric  acid, 
although  in  the  glove  box,  but  into  a  different  species  (known  by  the  observed 
complex  behavior  with  a  few  of  the  dyes). 

The  next  lesson  was  the  solubility  and  over  saturation  of  the  uranium 
acetate  solution.  In  both  the  non-enriched  case  and  the  first  enriched  case,  the 
over  saturation  of  the  solution  was  observed  by  the  fine  yellow  solid  particles  at 
the  bottom  of  the  solutions.  This  accounted  for  a  significant  part  of  the  loss 
during  the  chemical  preparation.  The  target  concentration  of  the  solution  was 
initially  lOmM.  Raising  the  pH  up  to  level  safe  for  the  bacteria  made  this 
uranium  concentration  too  high.  This  was  mitigated  in  the  second  solution  with 
the  enriched  uranium  by  only  raising  the  concentration  up  to  a  concentration  of 
just  over  5mM. 

The  most  lesson  observed  was  oversight  of  the  nitrate  ion  concentration 
and  the  impact  that  a  small  amount  of  nitrate  had  on  the  reduction  of  the 
uranium.  The  further  rinses  completed  with  the  uranium  hydroxide  in  the 
second  run  with  the  enriched  uranium  acetate  forced  the  bacteria  to  use  the 
uranium  metal  as  the  electron  acceptor.  This  is  important  when  evaluating  this 
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process  in  the  environment.  For  the  bacterial  reduction  to  occur,  all  other 
oxidants  must  have  been  used  up  before  the  bacteria  will  use  uranium.  This 
includes  not  only  nitrate,  but  any  other  dissolved  environmental  metals  or 

f 

ligands  capable  of  being  reduced  and  are  thermodynamically  more  favorable. 

The  rinse  procedure  also  showed  the  requirement  to  maintain  very  basic 
conditions  in  the  rinse.  The  solid  volume  of  the  precipitate  seemed  to  decrease 
around  pH8  which  was  stopped  by  adding  a  small  amount  of  a  basic  solution  to 
bring  the  pH  up  to  level  that  would  stabilize  the  hydroxide  solid.  The  use  of 
deionized  water  may  be  replaced  by  rinsing  with  a  basic  solution  for  the  first  few 
rinses,  as  along  as  the  metal  cation  does  not  present  a  problem  in  the  reaction. 
The  basic  solution  should  not  be  too  concentrated  though,  to  prevent  higher 
order  uranium  hydroxide  complexes  from  forming. 

Lastly  in  terms  of  the  crystal  identification,  the  X-Ray  diffraction 
approach  is  much  more  suitable  for  identification  than  an  elemental  analysis  of 
the  crystal  with  the  electron  microprobe.  Future  study  would  have  included  a 
solid  X-Ray  pattern  of  U02  and  U308  to  compare  each  against  the  other.  The 
data  in  the  report  clearly  show  a  similarity  with  the  library  reference  peaks  of 
uraninite,  but  a  comparison  with  a  small  amount  of  U308  solid  crystal  may  have 
formed  a  better  comparison.  The  issue  now  to  be  addressed  in  Chapter  4  will  be 
the  isotopic  ratios  with  the  precipitates  as  a  function  of  time.  There  is 
significant  evidence  with  other  elements,  but  no  data  yet  established  whether 
biological  fractionation  occurs  with  uranium. 
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Chapter  4 


Analysis  of  Uranium  Isotopic  Ratios  of 
Precipitates  formed  by  Bacteria 

The  purpose  of  this  chapter  is  to  determine  whether  the  bacterial 
reduction  of  aqueous  U(VI)  species  to  solid  U(IV)  affects  the  isotopic  ratio  of 
uranium  atoms.  Natural  uranium  primarily  consists  of  a  mixture  of  three 
isotopes:  234U,  235U,  and  238U.  The  natural  atomic  abundances  of  these 

isotopes  are  234U  (0.0056%),  235U  (0.718%),  and  238U  (99.276%)J  Changing  the 
isotopic  ratio  of  an  element  is  referred  to  as  isotopic  fractionation.  The 
objective  of  this  chapter  is  to  determine  if  there  is  any  change  in  the  isotopic 
ratio  of  the  uranium  atoms  during  the  bacterial  reduction  of  uranium  by 
Shewanella  putrefaciens. 

4.1  Background 

It  is  well  documented  that  the  mass  of  isotopes  affects  the  kinetics  of 
chemical  reactions.  Thermodynamically  favorable  processes  often  result  in 
an  isotopic  fractionation  where  the  lighter  isotopic  elements  of  a  molecule 
react  quicker  than  their  heavier  counterparts.  This  change  is  more  prevalent 
in  the  lighter  isotopes  where  the  mass  difference  among  the  isotopes  is  more 
pronounced,  but  a  recent  investigation  of  iron  isotopic  fractionation  in 
terrestrial  and  lunar  materials  seemed  to  indicate  a  significant  biological 
fractionation  of  iron  in  sedimentary  rocks2.  The  authors  in  2  concluded  that 
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the  iron  fractionation  was  a  result  of  biological  processes,  and  were  in  the 
processes  of  conducting  experiments  using  iron  reducing  and  iron  oxidizing 
bacteria  to  produce  iron  biomaterials  to  quantify  the  extent  of  this  biological 
fractionation.  In  a  similar  study  of  iron  isotope  fractionation  by  the 
bacterium  Shewanella  putrefaciens  (the  same  bacteria  used  in  this  thesis),  it 
showed  biological  organisms  could  fractionate  iron  isotopes  by  up  to  1.3  per 
thousand  for  the  ratio  of  56Fe/54Fe  during  the  reductive  dissolution  of  iron 
oxide  (ferrihydrite)3.  The  mass  difference  of  the  iron  isotopes  56Fe  and  54Fe 
as  a  percent  difference  (3.70%  compared  to  64Fe  and  3.57%  compared  to  56Fe) 
is  comparable  to  the  mass  difference  of  the  uranium  isotopes  235U  and  238U 
(1.27%  compared  to  235U  and  1.26%  compared  to  238U)4. 

This  phase  of  ‘the  research  on  the  bacterial  reduction  of  uranium 
investigated  whether  or  not  the  mass  difference  of  the  uranium  isotopes  was 
sufficient  to  yield  a  fractionation  between  the  precipitate  and  the 
supernatant.  Theoretically,  if  a  fractionation  occurred,  the  precipitate 
formed  by  the  reduction  of  the  uranyl  species  from  U022+  to  the  solid 
uraninite  mineral  U02  would  be  enriched  with  235U.  A  measurable  amount  of 
isotopic  fractionation  depends  on  many  factors  affecting  the  precipitation  and 
an  analytical  technique  capable  of  detecting  this  level  of  fractionation. 
Thermal  Ionization  Mass  Spectrometry  (TIMS)  is  the  most  accurate 
technique  that  is  widely  available  to  determine  these  isotopic  ratios.  TIMS 
is  a  high  precision  mass  analyzer  employed  by  many  geologists  to  measure 
the  isotopic  ratios  that  are  then  used  to  date  minerals  and  rocks.  For  these 
reasons,  TIMS  was  selected  as  the  method  to  examine  the  ability  and  rate  of 
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bacteria  to  fractionate  uranium  isotopes  during  the  reductive  process  of 
uraninite  formation. 

4.2  TIMS  Fundamentals 

The  basic  objective  of  any  mass  spectrometer  is  to  quantitatively 
separate  a  sample  into  its  constituent  parts  based  on  their  mass.  Mass 
spectrometry  probes  the  elemental  or  isotopic  composition  of  a  species  in  a 
sample,  whether  graphically  or  numerically  as  ratios  of  different  isotopes. 
The  basic  components  of  any  mass  spectrometer  are: 

•  Ion  source 

•  Mass  analyzer 

•  Ion  collector 

Figure  4.1  illustrates  a  generic  layout  of  the  components  of  a  mass 
analyzer.  The  design  of  these  devices  is  unique  to  each  machine  according  to 
the  sample  types  and  objectives  of  the  measurement5.  TIMS  is  a  method 
that  measures  the  isotopic  composition  of  samples  introduced  in  the  solid 
form  that  are  capable  of  being  thermally  ionized.  TIMS  is  used  widely  by 
geologists  for  the  following  purposes: 

•  Measurement  of  the  isotopic  compositions  of  elements  where  natural 
variations  occur  (principally  as  a  result  of  radioactive  decay).  These 
are  then  used  to  provide  absolute  age  determination  rocks  and 
minerals,  and  to  determine  the  origins  of  geologic  materials  by 
reference  to  their  isotopic  composition6. 

•  Precise  measurement  of  element  concentrations  by  isotope  dilution7. 
Isotope  dilution  was  used  in  this  study  to  measure  the  amount  of 
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uranium  in  the  reagents  used  in  the  chemical  preparation  of  the 
samples.  A  more  detailed  description  of  this  technique  and  the  results 
are  described  in  Section  4.5  of  this  chapter. 
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Figure  4 1  Principles  of  a  Mass  Spectrometer:  This  is  a  simplified  diagram 
showing  the  primary  components  of  a  mass  spectrometer.  Figure  4  2  shows  a 
photo  of  the  thermal  ionization  mass  spectrometer  used  to  determine  the  uranium 

isotopic  ratio5. 


Both  of  these  objectives  are  determined  by  the  evaluation  of  isotopic  ratios 

or  the  relative  amount  of  each  isotope  in  a  sample. 

TIMS  has  been  most  effective  in  analyzing  the  isotopic  variations  of 
heavy  elements  produced  by  radioactive  decay,  compared  with  which  biologic 
and  mass  fractionation  effects  are  negligible  or  may  be  easily  corrected. 
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TIMS  is  generally  unsuited  to  the  determination  of  small,  natural,  mass 
dependent  isotopic  variations  in  the  lighter  elements  unless  they  can  be 
ionized  as  a  high  mass  polyatomic  ion  (e.g.  Cs2B02+)  because  instrumental 
fractionation  effects  generally  mask  any  natural  fractionation  effects.  This  is 
also  the  case  for  high  precision  isotope  analysis  with  transition  metals  and 
certain  actinides8. 

Instrumental  or  mass  fractionation  is  the  tendency  during  the  thermal 
ionization  process  of  the  lighter  isotopes  to  leave  a  heated  filament  before  the 
heavier  isotopes.  This  affects  the  ion  flux  intensities  that  are  measured  by 
the  TIMS  for  each  isotope.  Mass  fractionation  is  affected  mostly  by  filament 
analysis  time,  filament  temperature  or  amperage,  sample  loading  technique, 
and  the  amount  of  analyte  loaded  on  the  filament.  The  two  major  challenges 
in  constructing  a  precise  uranium  isotope  analysis  necessary  to  distinguish 
the  effects  of  any  biologic  fractionation  are  the  necessity  to  correct  for  the 
significant  mass  fractionation  effects  and  the  low  ionization  efficiency  of 
uranium.  Mass  fractionation  is  usually  corrected  empirically  with  a  certified 
standard  or  rigorously  with  a  double  spike  method9. 

4.3  Preparation  for  TIMS  analysis 

For  nearly  all  TIMS  applications  it  is  essential  to  separate  the  element 
of  interest  from  a  sample  prior  to  isotope  analysis.  This  is  to  minimize  or 
eliminate  isobaric  interference  from  other  elements  and  to  reduce  the 
proportion  of  other  constituents  of  the  sample  to  a  level  that  they  do  not 
inhibit  the  ionization  of  the  element  of  interest.  Reagents  and  laboratory 
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procedures  must  be  carefully  applied  to  minimize  the  contamination  of  the 
true  isotopic  signature  of  the  element  of  interest. 

All  of  the  chemical  preparation  was  performed  in  a  clean  room  where 
gloves,  hair  caps,  boot  covers,  and  full  body  gowns  were  standard  operating 
procedures.  Extra  steps  were  taken  to  purify  all  analytical  grade  reagents. 
Analytical  grade  acids  were  further  purified  in  the  laboratory  with 
evaporation  by  infra  red  lamps  and  distillation  in  Teflon  bottles  as  opposed 
to  any  Pyrex  glassware.  Reverse  osmosis  by  Millipore  water  purification 
systems  known  as  Milli  Q  was  used  in  place  of  deionized  water.  Ion 
exchange  was  used  to  purify  and  concentrate  the  element  of  interest  in  the 
sample,  and  to  prevent  isobaric  interferences  from  any  other  elements. 

4.3.1  Chemical  Preparation 

Samples  used  in  this  test  came  from  the  reduction  experiment  with 
the  enriched  uranium  acetate  described  in  the  microbiological  process  in 
Section  3.2  and  3.3  in  Chapter  3.  Each  glass  culture  tube  used  in  the 
experiment  was  labeled  in  a  pattern  that  provided  information  on  the  time 
and  type  of  interaction.  The  glass  culture  tubes  that  were  used  as  the 
controls  for  the  experiment  were  labeled  with  blue  tape,  the  letter  C,  and 
the  time  that  formaldehyde  was  introduced  into  the  culture  tubes.  For 
example,  the  five  control  samples  were  labeled  CO,  C4,  C8,  C24,  and  C95. 
The  control  samples  were  autoclaved  immediately  after  inoculation  for  25 
minutes,  thereby  killing  the  bacteria  and  preventing  any  biological 
interaction  with  the  uranium  solution.  The  formaldehyde  was  added  to 
mirror  the  procedure  of  their  respective  test  sample.  The  overall  purpose  of 
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the  control  samples  was  to  determine  whether  chemical  fractionation  was  a 
factor  in  the  experiment. 

The  samples  that  interacted  with  the  bacteria  carried  an  S  and  the 
time  in  hours  that  the  formaldehyde  was  introduced  thus  killing  the  bacteria 
and  stopping  the  reduction  reaction  discussed  in  Section  3.3.  After  the 
inoculations  and  timed  microbial  reduction  reactions  in  the  Parsons 
Laboratory,  the  ten  glass  culture  tubes  were  placed  in  the  freezer  and 
remained  in  the  freezer  for  thirteen  days.  The  ten  culture  tubes  inoculated 
with  the  S.  putrefaciens  bacteria  and  the  enriched  uranium  media  were 
removed  from  the  freezer  and  transferred  to  the  TIMS  laboratory. 

Once  the  samples  arrived  in  the  laboratory,  they  were  thawed  at  room 
temperature.  The  size  of  the  glass  culture  tubes  prevented  their  direct 
insertion  into  an  International  Clinical  Company  (No:  W7926)  centrifuge,  so 
the  samples  were  transferred  into  ten  sterile  15  mL  Corning  polypropylene 
centrifuge  tubes.  Similar  labeling  discussed  above  was  used  to  mark  the  ten 
centrifuge  tubes.  Each  glass  culture  tube  was  shaken  manually  to  suspend 
the  solids  on  the  bottom  of  the  tube.  The  culture  tubes  were  then  uncapped 
with  pliers  and  poured  into  its  respective  15  mL  centrifuge  tube.  Each 
centrifuge  tube  was  spun  at  the  high  speed  setting  for  five  minutes.  After 
the  centrifuge,  the  solutions  were  clear  with  a  beige  solid  biomatter  and  a 
varying  degree  of  a  blackish  precipitate  on  the  bottom  of  the  tube. 

Aliquots  of  the  supernatant  were  first  removed  and  transferred  into 
1.5  mL  Sarstedt  polypropylene  microcentrifuge  tubes.  First,  twenty  1.5  mL 
microcentrifuge  tubes  were  labeled  using  the  same  technique  described  above 
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Table  4.1  ICP-AES  Data  for  Enriched  Uranium  Aceti 
shows  the  raw  data  from  the  ICP-AES  used  to  detera 
concentration  of  the  uranium  in  the  supernatants  of  SO 

ate  Supernati 
line  the  detec 
,  S4,  S8,  S24, 

int:  This  table 
:tion  limit  and 
and  S95. 

1 - — - - - 

1  Sample 

Concentration 

(M) 

Spectral  Intensity 
(Mean  Value  of  3 
Measurements) 

Standard 

Deviation 

water 

20170 

106.80 

0.1  HN03 

19938 

134.10 

0.1  HN03 

20108 

3.06 

water 

20024 

120.60 

0.1  HN03 

19813 

124.50 

10-7  STD 

1.00E-07 

19727 

143.80 

!  10-6  STD 

1.00E-06 

20635 

68.70 

10-5  STD 

1.00E-05 

28684 

72.00 

f  10-4  STD 

1.00E-04 

97007 

285.90 

!  10-3  STD 

1.00E-03 

760525 

5157.00 

r . 

5x10- 4M 

5.00E-04 

751806 

6583.00 

2.5x10- 4M 

2. 50  E- 04 

383638 

876.00 

1.0x10-4 

1.00E-04 

165175 

259.50 

7.5x10-5 

7.50E-05 

128392 

621.00 

5.0x10-5 

5.00E-05 

86522 

128.10 

2.5x10-5 

2.50E-05 

55280 

259.00 

1.0x10-5 

1.00E-05 

31225 

119.70 

Calculated 

Concentration 

Concentration 

(M) 

Concentration 

(mM) 

SOS  1:10 

1.53E-04 

134049 

529.00 

1.68E-03 

1.68E+00 

SOS  1:100 

1.37E-05 

31079 

140.70 

1.39E-03 

1.39E+00 

S4S  1:10 

1.25E-04 

113420 

743.00 

1.38E-03 

1.38E+00 

S4S  1:100 

1.08E-05 

28866 

101.90 

1.09E-03 

1.09E+00 

S8S  1:10 

1.06E-04 

99581 

410.80 

1.17E-03 

1.17E+00 

S8S  1:100 

8.32E-06 

27069 

76.90 

8.41E-04 

8.41E-01 

water 

-2.98E-06 

18708 

151.10 

-2.98E-06 

-2.98E-03 

S24S  1:5 

8.15E-05 

81239 

279.60 

4.89E-04 

4.89E-01 

S24S  1:10 

4.35E-05 

53082 

99.20 

4.78E-04 

4.78E-01 

S95S  1:5 

2.27E-06 

22594 

76.70 

1.36E-05 

1.36E-02 

S95S  1:10 

~  -9.20E-08 

20843 

101.00 

-1.01E-06 

-1.01E-03 

S95S  1:1 

1.30E-05 

30506 

110.30 

2.59E-05 

2.59E-02 

Time 

(Hours) 

Total  Uranium 
Concentration 
(mM) 

Standard 

Deviation 

Concentration  of  Uranium  in  the  media 
(discounting  sorption,  5  ml  +0.2  ml+  0.5  ml 
formaldelhyde) 

0 

1.535 

0.208 

1.842 

4 

1.231 

0.205 

8 

1.005 

0.233 

24 

0.484 

0.059 

95 

0.020 

0.009 

except  this  time  adding  a  P  or  S  to  the  end  of  the  label.  The  P  referred  to 
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the  precipitate  samples  and  the  S  to  the  supernatant.  Using  S8S  as  an 
example,  S  referred  to  the  test  samples  that  interacted  with  the  bacteria,  8 
indicates  that  at  the  eighth  hour  formaldehyde  was  added  to  stop  the 
reaction,  and  S  for  supernatant  analysis.  A  small  aliquot  of  100  \xL  was 
drawn  off  each  supernatant  and  placed  into  its  respective  microcentrifuge 
tube.  Then,  900  pL  of  7.0  N  HN03  were  added  to  each  one  of  these  tubes  to 
stabilize  the  dissolved  metals. 


U500  Supernatant  Concentration  Analysis  by  ICP  AES 
8  February  00 


Figure  4.2  Calibration  Curve  and  Concentration  Determination  for  Enriched 
Uranium  Acetate  Supernatant  Solutions-.  The  photon  intensities  of  385.958nm  for 
the  standard  uranium  solutions  with  a  known  concentration  are  graphed  and 
linearly  regressed.  This  regression  gives  an  equation  for  intensities  as  a  function 
of  concentration  to  determine  the  total  uranium  concentration  in  the 
supernatants  for  SO,  S4,  S8,  S24,  and  S95. 


The  next  step  was  to  obtain  the  solid  samples  for  analysis.  Extra  care 
was  taken  to  separate  the  solid  from  any  amount  of  uranium  in  the 
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supernatant  to  obtain  the  true  isotopic  signature  of  the  uraninite  precipitate. 
The  majority  of  the  supernatant  was  first  poured  off  into  a  new  set  of  15  mL 
centrifuge  tubes  using  a  disposable  pipettor  for  each  culture  tube.  The 
concentration  of  this  supernatant  was  analyzed  later  with  ICP-AES  in  the 
method  described  earlier  in  Chapter  3.  The  raw  photon  intensity  data  is  in 
Table  4.1  and  the  calibration  curve  is  in  Figure  4.2. 

The  data  from  the  ICP-AES  showed  significant  sorption  occurring 
with  the  bacteria.  The  5  mL  uranium  media  in  each  culture  tube  was  2.1 
mM  before  inoculation.  After  dilution  with  0.5  mL  of  formaldehyde  and  0.2 
mL  of  the  cells  in  the  bicarbonate  solution,  the  total  uranium  concentration 


Supernatant  Concentration  as  a  Function  of  Time  for  the  Reductive  Precipitation  by 
Shewanella  Putrefaciens  with  Exponetial  Regression 


V 

Actual 

p 

Model 

— 1 

•Export  (Actual) 

Figure  4.3  Conversion  of  Uranyl  Acetate  into  Uraninite:  This  chart  shows  the 
decay  rate  of  uranium  remaining  in  solution  as  uraninite  is  produced  by  bacterial 

reduction. 
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was  1.842  raM.  The  measured  concentration  of  SO  was  1.535  ±0.208  mM 


indicating  a  loss  to  sorption  onto  the  cells.  This  strong  sorption  was 
somewhat  expected  based  on  the  high  stability  constants  of  uranium  with 
humic  and  fulvic  acids  shown  in  Chapter  1.  The  conversion  of  the  uranium 
solution  into  uraninite  is  graphed  in  Figure  4.3.  The  data  points  are  fitted 
almost  perfectly  to  an  exponential  decay  with  an  R2  value  of  1.00.  This  gives 
the  rate  of  conversion  of  the  soluble  uranium  into  the  solid  phase.  The 
kinetics  fit  a  first  order  rate  equation.  The  model  data  points  are  plotted  on 

In[/l0]-]n[y4]  =  kt 

A  concentration  at  time  t 
Aq  intial  concentration 

k  constant  (5.14xl0-2  ±  4.72xl0-3) 

Figure  4.8  as  well.  The  error  bars  for  the  standard  deviation  values  for  both 
the  ICP-AES  calculated  concentration  values  and  the  model  predicted  values 
are  plotted  in  Figure  4.8  as  well. 

The  solid  substrates  in  each  of  15  mL  centrifuge  tubes  were  rinsed  by 
adding  ten  mL  of  Milli  Q  water  (MQ  H30)  to  the  solid  remaining  and  shaken 
vigorously  using  a  Fisher  Scientific  Touch  Mixer  Model  231  for  about  five  to 
ten  seconds  at  the  vortex  setting.  These  were  then  centrifuged  for  five 
minutes  and  the  supernatant  rinse  removed  into  a  nalgene  bottle  as  uranium 
waste.  This  washing  procedure  was  repeated  five  times  for  each  culture  tube 
to  remove  any  uranium  in  solution  or  any  uranium  ions  adsorbed  on  the 
biomatter.  The  high  number  of  rinses  was  to  ensure  that  the  true  isotopic 
ratio  of  the  solid  uraninite  would  not  be  affected  by  any  lingering  uranyl  ion 
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species  in  solution  or  adsorbed  onto  the  bacteria.  The  last  rinse  solution  was 
removed  very  carefully  using  a  disposable  pipettor  that  had  a  disposable 
pipette  tip  and  spaghetti  tubing  to  get  as  much  of  the  liquid  off  the  solid  as 

possible. 

On  the  bottom  of  the  15  mL  centrifuge  tube  remained  approximately 
80  pL  of  a  slurry  containing  bacteria  and  black  uraninite  solid.  To  slightly 
increase  the  volume,  two  drops  (~30  pL)  of  MQ  H20  were  added  to  get  the 
volume  to  at  least  100  pi.  Using  a  100  pL  Kimax  pipettor,  100  pL  of  this 
slurry  was  removed  and  placed  it  into  its  respective  1.5  mL  microcentrifuge 
tube.  To  each  of  these  mierocentrifuge  tubes,  900  pL  of  7.0  N  HN03  were 
added  just  like  supernatants  samples.  When  adding  the  nitric  acid,  the  black 
uraninite  solids  dissolved  immediately,  leaving  only  the  beige,  dead  bacteria 
cells  visible. 

The  microcentrifuge  tubes  were  then  spun  in  a  unispeed 
microcentrifuge  (Qualitron  catalog  number  DW41)  for  five  minutes.  The 
solid  matter  settled  on  the  bottom  and  sides  of  the  microcentrifuge  tube. 
The  centrifuge  process  was  repeated  in  an  attempt  to  get  all  the  biomatter 
on  the  bottom  and  off  the  sides  of  the  tubes  by  increasing  the  time  to  fifteen 
minutes,  however  the  results  were  the  same.  While  the  centrifuge  process 
continued,  twenty  3  mL  polyfluoryl  (PFA)  Teflon  Savillex  beakers  were 
prepared.  PFA  is  the  cleanest  form  of  Teflon  in  terms  of  trace  metals  as 
compared  to  PTE,  another  common  form  of  Teflon.  The  beakers  had  been 
cleaned  and  were  stored  in  6.0  N  hydrochloric  acid  (HC1).  The  small  drop  of 
6.0  N  HC1  was  rolled  on  its  side  to  remove  any  condensation  and  was  then 
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removed.  Any  remaining  liquid  in  the  threads  of  the  cap  was  tapped  out 
until  it  was  completely  dry.  The  Savillex  beakers  were  then  labeled  with  the 
same  markings  found  on  the  microcentrifuge  tube  (SOS,  SOP,  COS,  etc.). 

When  the  beakers  were  ready  and  the  last  sample  centrifuged,  250  pL 
of  the  supernatant  in  each  one  of  the  microcentrifuge  tubes  were  placed  into 
its  respective  Savillex  beaker.  Next,  250  pL  of  concentrated  nitric  acid  and 
250  pL  of  hydrogen  peroxide  (Ultrarex  30%  H202)  were  added  to  each 
Savillex  beaker  to  dissolve  any  organics.  The  beakers  with  the  750  pL 
solutions  were  then  capped  tightly  and  placed  on  a  teflon  hot  plate  operating 
at  approximately  250°C.  The  samples  remained  on  the  plate  and  fluxed  for 
nearly  24  hours. 

While  the  samples  fluxed  in  the  acid  and  hydrogen  peroxide  solution, 
anion  exchange  columns  were  prepared.  Because  of  the  number  of  samples 
and  the  limited  supply  of  column  material,  there  were  two  series  of  columns. 
The  first  series  was  used  to  prepare  the  supernatant  samples  and  blanks, 
while  the  other  set  was  used  for  the  precipitate  samples.  The  fifteen  50  pL 
columns  were  mounted  on  a  stiff,  flat  FTP  Teflon  sheet.  They  were  removed 
from  a  storage  bath  of  30%  HN03.  The  columns  can  be  seen  in  Figure  4.4. 

The  columns  were  first  surface  rinsed  with  MQ  H20  and  then 
thoroughly  rinsed  using  a  squirt  bottle  containing  MQ  H20.  Fixing  the  spout 
of  the  bottle  to  the  bottom  of  the  stem,  water  was  gently  forced  through  a 
35  micron  frit  up  the  stem  until  the  stem  was  full.  Then  the  column  was 
turned  over  and  the  reservoir  completely  filled.  The  column  was  then 
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turned  upside  down  and  flicked  to  get  all  the  water  out  of  the  reservoir  and 


Figure  4.4  50  fiL  Columns  in  Draining  Stand:  After  the  third 
and  final  rinse  with  MQ  H20,  the  columns  were  placed  in  this 
draining  stand.  The  hot  plate  is  in  the  background. 

stem.  This  rinse  procedure  was  performed  three  times  for  each  column. 

A  styrene  divinylbenzene  anion  exchange  resin  called  AG1-X8  Cl- 
form  200-400  dry  mesh  (Bio  Rad  Lot  No:  25195A8)  was  used  to 

concentrate  the  uranium  in  the  samples.  AG1  indicates  that  the  resin  is 
anftlyticHl  grade  and  type  1,  meaning  a  strongly  basic  anion  exchanger 
containing  quaternary  ammonium  groups.  X8  refers  to  the  extent  of 
crosslinking  within  the  resin  bead  and  the  physical  characteristics  such  as 
pore  size,  permeability,  swelling  and  shrinking  effects,  and  sensitivity.  In 
this  case  there  is  an  8%  divinylbenzene  crosslinkage  of  the  styrene 
divinylbenzene  polymer.  A  diagram  of  the  molecular  structure  of  AG1  resin 
is  shown  in  Figure  4.5.  200-400  mesh  is  used  for  high-resolution  analytical 
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work  because  it  reduces  the  flow  rate  through  the  column,  but  increases  the 
efficiency  of  the  resin  for  a  given  volume.  The  exchange  capacity  for  AG1-X8 
resin  is  3.2  milliequivalents  per  gram  of  dry  resin  or  1.4  milliequivalents  per 
milliliter  of  hydrated  resin10.  A  copy  of  the  anion  exchange  resin  behavior 
for  different  metals  as  a  function  of  the  concentration  of  HC1  is  found  in 


Figure  4.5  Molecular  Structure  of  Styrene-Divinylbenzene  Crosslinked 
Copolymers  with  Attached  Groups  for  AGl :  Bio  Rex  Resin  AG1  showing  a 
molecular  diagram  of  the  strongly  basic  anion  exchange  resin. 

Appendix  4,  Annex  A. 

After  the  third  and  final  column  rinse,  the  same  technique  was  used  to 
fill  the  stem  with  MQ  H20,  but  the  reservoir  was  only  filled  a  third  of  the 
way  up  with  water.  A  key  part  of  the  column  preparation  was  to  ensure  that 
no  air  bubbles  remained  in  the  stem.  This  can  cause  problems,  mainly  a  very 
slow  to  nil  flow  rate  through  the  column.  After  shaking  a  saturated  mixture 
of  resin  in  a  small  squirt  bottle  until  the  resin  was  fully  suspended,  the 
remainder  of  the  reservoir  was  filled  with  the  mixture.  The  column  was  then 
placed  in  a  settling  stand  that  is  shown  in  Figure  4.4.  After  the  resin  settled 
in  the  stem,  the  excess  resin  material  remaining  in  the  reservoir  was 
removed  with  a  100  pipettor  moved  in  a  slow  circular  motion  around  the 
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sides  of  the  reservoir.  More  water  or  more  resin  mixture  was  added  until  a 
small  concave  bead  remained  at  the  top  of  the  resin  in  the  stem. 

The  column  chemistry  was  divided  into  five  basic  steps:  cleaning, 
equilibrating,  loading,  washing,  and  eluting.  The  column  chemistry  is 


Column  Chemistry  for  Uranium  using  AG1X8  Cl- 
Anion  Exchange  Resin 

FORM 

Pre-Clean  reservoir 

500  pL 

6.0  N  HC1 

lx 

Clean 

500  pL 

0.1  N  HC1 

9x 

Equilibrate 

200  pL 

3.0  N  HC1 

lx 

Load  Sample 

150  pL 

3.0  N  HC1 

lx 

Wash  One  Drop~30  pi 

30  pL 

3.0  N  HC1 

3x 

Wash 

200  pL 

3.0  N  HC1 

3x 

Wash 

200  pL 

6.0  N  HC1 

lx 

Elute  U 

250  pL 

0.1  N  HC1 

lx 

Table  4.2  Column  Chemistry  for  Concentrating  the  Uranium  with  an  Anion 
Exchange  Resin :  This  table  show  the  volume  and  steps  taken  to  elute  the  uranium 
from  the  aliquot  taken  from  the  microcentrifuge  tube.  Note  the  concentration  of 
the  hydrochloric  acid  through  the  steps. 


expressly  written  out  in  Table  4.2. 

After  properly  preparing  each  column  and  ensuring  a  good  flow  rate, 
they  were  removed  from  the  settling  stand  and  placed  into  a  carousel  shown 
in  Figure  4.6.  The  order  that  each  sample  was  loaded  in  the  carousel  is  in 
Appendix  4,  Annex  B. 

After  the  beakers  fluxed  in  the  hot  acid  and  hydrogen  peroxide  bath, 
they  were  uncapped  and  were  allowed  to  dry  down  under  the  fume  hood. 
After  two  hours,  some  of  the  samples  had  completely  dried  down  (S8S  and 


C8S)  and  five  drops  or  150  pL  of  3.0  N  HC1  were  added  to  these  samples. 
The  drying  down  process  continued  for  the  rest  of  the  samples,  closely 
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monitored  to  ensure  that  none  of  the  salts  escaped  from  the  beaker.  After 
just  over  three  hours,  all  the  samples  in  the  beakers  were  dry  and  150  pL  of 
3.0  N  HC1  were  added  to  each  one.  The  beakers  were  capped  and  then  set 
aside  to  cool.  After  the  columns  were  cleaned  and  equilibrated,  the 
supernatant  solutions  and  blanks  were  loaded  onto  the  first  series  of 
columns.  The  precipitate  solutions  were  saved  for  the  second  series  of 
columns. 

The  solutions  that  seep  through  the  columns  up  until  the  elution  step 


Figure  4.6  Column  Carousel.  The  anion  exchange  columns  were  set  in  this 
carousel  as  the  column  chemistry  steps  were  executed.  Number  labels  fall  on  each 
spot  where  a  column  is  set  up. 

are  caught  into  a  small  basin  underneath  the  column.  This  rinse  was  later 
discarded.  For  the  elution,  a  new  set  of  Savillex  beakers  was  used.  They 
were  placed  under  the  column  just  prior  to  the  elution.  After  the  elution 
step  for  series  one  columns,  the  beakers  were  capped.  These  were  later 
opened  in  the  lead  laboratory  where  a  small  drop  of  0.1  M  H3P04  was  added 
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to  the  beaker  solutions.  The  drop  of  phosphoric  acid  comes  out  of  a 
modified  dropper  bottle  with  thin  spaghetti  tubing  such  that  each  drop  is 
approximately  3-5  pi.  H3P04  is  used  because  of  its  high  boiling  point. 
Properties  of  concentrated  hydrochloric  and  phosphoric  acids  are  listed  in 
Table  4.3  to  show  the  large  difference  in  boiling  points.  The  time  that  each 
step  of  Table  4.1  was  performed  is  recorded  in  Appendix  4,  Annex  C. 


2 ’’able  4.3  Acid  Properties  used  in  the  Columns’.  This  table  shows  the  large 
difference  in  boiling  temperatures  between  HC1  and  H3P04. 


ACID 

Density 

N 

Boiling 

Boiling 

(g/mL) 

Point  (°C) 

Point  (°F) 

h3po4 

1.84 

18.32 

339.0 

642.2 

HC1 

1.10 

6.15 

109.7 

229.5 

During  the  final  drying,  the  250°C  temperature  drives  away  all  the 
chloride  ions  and  leaves  behind  the  uranium  in  the  small  amount  of 
phosphoric  acid.  The  uranium  is  now  in  the  final  form  that  will  be  used  in 
the  loading  procedure  for  the  filaments.  In  addition  to  the  phosphoric  acid, 
the  blank  samples  labeled  blank  11  through  blank  15  are  spiked  with  a  mixed 
lead/  uranium  spike  to  determine  the  uranium  present  in  the  reagents.  The 
spike  is  a  standard  solution  with  specific  isotopic  ratios  of  205Pb,  233U,  and 
235U.  The  weight  of  the  spike  bottle  after  each  application  is  measured  with 
a  Mettler  160  scale.  The  spike  weights  are  listed  above  in  Table  4.4.  The 
spiked  samples  were  then  placed  onto  the  hot  plate  to  complete  the  process 

described  above. 
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Table  4.4  Uranium  Spike  Weights:  The  weights  of  the  spike 
bottle  are  used  in  determining  the  uranium  concentration  of  the 
blank  samples. 


Weight  in  Spike  Bottle 


(g) 

30.0069 

29.9960 

A  in  Blank  11 

0.0109 

29.9846 

A  in  Blank  12 

0.0114 

29.9769 

A  in  Blank  13 

0.0077 

29.9685 

A  in  Blank  14 

0.0084 

29.9583 

A  in  Blank  15 

0.0102 

The  second  series  of  columns  for  the  precipitate  samples  was  then 
initiated.  The  same  cleaning  and  preparation  procedure  described  above  for 
the  columns  and  resin  setup  was  performed.  The  column  reservoirs  were 
first  filled  completely  with  6.0  N  HC1  and  later  with  the  first  of  six  0.1  N 
HC1  flushes.  After  the  last  flush,  the  column  procedures  in  Table  4.2  were 
started  for  the  second  set  of  columns.  The  time  that  each  column  step  was 
accomplished  is  also  in  Appendix  4,  Annex  C.  After  the  column  steps  were 
complete,  the  Savillex  beakers  from  the  second  series  were  placed  for  the 
final  dry  down  with  the  phosphoric.  After  the  drying  down  process,  the 
samples  from  this  series  were  capped  tightly  and  awaited  final  TIMS 
filament  loading  with  the  samples  from  the  first  series  of  columns. 

4.3.2  TIMS  Filament  Loading 

In  most  TIMS  machines,  including  the  machine  used  in  this  study,  the 
solid  analyte  is  emitted  from  a  heated  rhenium  filament  that  has  a  high  work 
function  and  low  volatility.  The  filament  is  welded  onto  steel  posts  set  in  a 
ceramic  insulator.  Prior  to  loading  any  samples  onto  the  filaments,  the 
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filaments  are  heated  at  high  temperatures  corresponding  to  two  amps 
applied  across  the  filament  for  ten  minutes  and  four  amps  for  twenty 
minutes  under  “a  vacuum  of  approximately  10'8  millibars  (mb).  Once  the 
samples  are  loaded  on  the  filaments,  the  mass  of  the  desired  element 
becomes  a  major  concern  for  many  reasons  including:  1)  enough  analyte  for  a 
long  steady  ion  current  2)  mass  fractionation  corrections  and  3) 
reproducibility  of  the  results.  The  TIMS  sensitivity  primarily  depends  on 
the  mass  of  the  element  of  interest  on  the  filament.  The  limit  is  normally 
measured  in  terms  of  nanograms  (ng  or  109  grams).  The  minimum  amount 
of  uranium  needed  for  a  good  signal  in  the  VG  Sector  54  TIMS  that  was 

used  for  in  this  research  was  100  ng11. 

The  preparation  of  the  U500  standard  samples  used  as  the  empirical 
standard  began  by  re-examining  the  concentration  of  the  solution  produced 
earlier  by  dissolving  the  enriched  U3Os  in  nitric  acid.  The  concentration  of 
the  U500  solution  produced  earlier  is  converted  from  moles  per  liter  into 
parts  per  million  (ppm).  The  original  mass  of  enriched  U500  measured  was 
0.5457  grams  (discussed  in  Chapter  3).  The  corrected  molar  mass  of  U500 
due  to  the  enrichment  is  837.64  grams/mol  comprised  of  three  uranium 
atoms  and  eight  oxygen  atoms.  0.5457  grams  of  U500  corresponded  to 
0.4624  grams  of  uranium  atoms.  This  was  dissolved  in  20  mL  of  7.0  N  nitric 
acid  with  a  density  of  approximately  1.2  gram  per  mL12  and  total  solution 
weight  of  24.5457  grams.  This  equates  to  18838  ppm  U500  where  ppm  is 
defined  as  pg  of  uranium  per  gram  of  solution  or  23120  ng  per  pi.  A  aliquot 
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of  this  solution  was  then  diluted  with  MQ  H20  to  make  a  1  ppm 
concentrated  solution  that  would  be  applied  to  the  filaments. 

The  next  step  was  the  actual  preparation  of  the  samples  and  standard 
solutions  on  the  filament.  MQ  H20,  five  pL,  was  added  to  each  Savillex 
beaker  described  at  the  end  of  the  chemical  preparation  above.  An  aliquot 
(usually  around  1-3  pL)  was  loaded  onto  a  rhenium  filament  using  a  finger 
pipette  and  spaghetti  tubing.  Ultra  pure  colloidal  graphite  (Aquadag 


Figure  4. 7  Diagram  of  the  TIMS  Filament:  This  is  a  picture  of  two  of  the 
twenty  filaments  that  will  be  loaded  in  a  turret  used  with  the  Vector  54  TIMS 
machine. 

Colloidal  Graphite  produced  by  Ted  Pella  Inc,  Lot  No:040297),  one  to  three 
pL  depending  on  the  filament,  was  added  to  the  drop  on  the  filament. 
Colloidal  graphite  is  essentially  a  binder  that  affects  the  ionization  efficiency 
of  the  filament.  The  width  of  the  filament  was  about  0.03  inches  and  the 
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droplets  were  about  the  same.  A  picture  of  the  filament  with  the  droplet  is 
shown  in  Figure  4.7. 

The  filament  preparation  varied  for  each  turret  load  by  the  amount  of 
graphite,  amount  of  sample,  and  order  of  preparation.  This  is  noted  in 
Appendix  4,  Annex  D,  Except  were  noted  in  Annex  D,  the  sample  volume 
was  placed  first  on  the  filament.  Then  the  colloidal  graphite  was  dropped  on 
the  top  and  dried  down  in  a  process  using  electric  current.  This  loading 
process  is  referred  to  as  regular  loading.  Certain  filaments  in  the  second, 
third,  fourth,  and  fifth  turret  were  prepared  using  a  preparation  technique 
known  as  the  sandwich  loading  technique.  The  sandwich  method  is 
described  in  the  sequence  below: 

1.  One  drop  (~1  pL)  of  graphite  on  filament 

2.  Air  dry  down 

3.  Add  H3PO4  (1  pL  of  either  1  M  or  0.1M  H3P04)  and  U500  or  samples 
volume 

4.  Air  dry  down 

5.  One  drop  (~1  pL)  of  graphite  on  filament 

6.  Air  dry  down 

7.  Amperage  applied 

The  sandwich  process  was  applied  without  a  top  layer  of  graphite  for 
filaments  three  and  four  in  the  second  turret.  The  only  other  variation  in 
the  sample  preparation  was  the  thickness  of  the  colloidal  graphite  solution. 
After  turret  one,  the  colloidal  graphite  applied  to  the  filaments  was  mixed 
slightly  thicker  from  1:5  to  1:2. 
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The  filaments  were  allowed  to  air  dry  under  a  fume  hood.  Once  the 


filament  had  finished  air  drying,  it  was  placed  into  a  sample  holder.  Current 
was  manually  applied  on  the  filament,  starting  from  0  and  slowly  increased 
to  2.6  amps.  At  this  point,  the  phosphoric  acid  fumes  off  and,  as  soon  as  a 
slight  glow  on  the  filament  was  seen,  the  current  was  turned  off.  This 


process  took  about  a  minute  for  each  filament.  A  picture  of  the  bench  where 


this  process  took  place  and  of  the  sample  holder  used  in  this  process  is  shown 
in  Figure  4.8.  The  samples  are  placed  in  the  twenty  filament  turret  holder 
and  inserted  into  the  TIMS  machine. 
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4.4  TIMS  Operation 


The  principles  and  operation  of  most  TIMS  machines  are  very  similar. 
The  machine  used  to  study  the  uranium  isotope  ratios  in  this  research  was  a 
VG  Sector  54  TIMS.  The  description  in  this  section  is  generic  for  most 
TIMS  machines,  but  certain  parameters  are  specific  to  the  VG  Sector  54. 
The  VG  Sector  54  is  shown  in  Figure  4.9. 


Prior  to  every  analysis,  the  entire  chamber  in  the  TIMS  machine  is 
pumped  down  for  45  minutes.  Liquid  nitrogen  is  placed  in  a  cold  trap 
decreasing  the  vacuum  to  near  5xl0'8  mb.  Within  a  few  hours,  this  reduces 
the  pressure  to  near  lxl0‘9  mb  and  stabilizes.  The  twenty  rhenium  filaments 


loaded  on  a  rotating  turret  inside  the  chamber  are  slowly  warmed  up  in 
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about  ten  minutes  by  increasing  the  amperage  to  4.1  amps.  Increasing 
amperage,  and  thus  increasing  temperatures,  proceeds  manually  beyond  this 
point. 

The  solid  analyte  is  then  heated  off  the  rhenium  filament  in  the 
evacuated  chamber  using  an  ion  and  turbomolecular  pump.  The 
temperature  of  the  filament  T  cause  an  evaporation  of  n  neutral  uranium 
atoms  from  the  filament,  which  are  accompanied  by  n+  positive  ions 
according  to  equation  4.113. 


W  is  the  work  function  of  the  rhenium  filament.  The  work  function  is  a 
measure  of  the  minimum  energy  required  to  extract  an  electron  from  the 
surface  of  a  solid.  It  is  defined  more  precisely  as  the  energy  difference 
between  the  state  in  which  an  electron  has  been  removed  to  a  distance  from 
the  surface  of  a  single  crystal  face  that  is  large  enough  that  the  image  force  is 
negligible  but  small  compared  to  the  distance  of  any  other  face  (typically 
about  10'4  cm),  and  that  the  electron  is  still  in  the  state  of  the  bulk  solid. 
The  work  function  depends  on  the  cleanliness  of  the  crystal  surface  and  for 
reasonably  clean  surfaces  the  work  function  for  rhenium  is  4.72  eV  for 
thermonic  emission14.  E  is  the  first  ionization  energy  of  the  evaporated 
material,  which  for  uranium  is  6.194  eV.  k  is  the  Boltzmann  constant  of 
8.62xl0‘5  eV/  K  and  Tis  the  filament  temperature  in  degrees  Kelvin15. 

The  ratio  in  equation  4.1  is  known  as  the  ionization  efficiency  and  it  is 
another  limiting  factor  on  the  sensitivity  of  the  TIMS.  Equation  4.1  is  a 
good  first  approximation,  however  there  are  many  other  factors  that  affect 
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this  ratio.  The  actual  ionization  efficiency  is  a  result  of  the  physical 
characteristics  of  the  sample  matrix  and  the  geometry  of  the  bead  on  the 
filament.  As  a  first  approximation,  at  2000°C,  a  typical  temperature  during 
the  analysis,  the  ionization  efficiency  for  uranium  using  equation  4.1  was 

5.52xl0'4. 

The  resultant  ions  from  this  process  are  accelerated  towards  a  mass 
analyzer  by  a  high  voltage  applied  between  the  source  assembly  and  an 
accelerator  slit.  An  applied  magnetic  field  deflects  the  ion  beam  along  a 
radius  of  curvature  of  27  cm  creating  separate  ionic  beams  based  on  its 
mass/charge  ratio.  It  is  collimated  into  a  tight  ion  beam  by  applying  smaller 
potentials  to  a  series  of  slits.  The  relative  abundances  of  isotopic  masses  of  a 
given  element  in  this  ion  beam  are  not  in  general  identical  to  the  abundance 
from  the  original  sample  owing  to  mass  fractionation.  Mass  fractionation 
refers  to  the  tendency  of  the  sample’s  lighter  isotopes  to  ionize  at  a  quicker 
rate  at  earlier  times  in  the  sample  analysis.  This  effect  and  correction  for 
this  will  be  discussed  in  greater  detail  in  the  observations  in  Section  4.51  . 

The  ability  of  a  mass  spectrometer  to  resolve  adjacent  ion  beams 
accelerated  by  the  magnetic  field  depends  on  the  width  of  the  ion  beam  that 
is  controlled  mainly  by  the  width  of  the  source  slit  and  the  curvature  radius 
of  the  analyzer  tube.  The  VG  Sector  54  uses  a  Compaq  386  running  DOS 
based  Fisons  software  version  3.12  to  automate  many  of  the  functions  of  the 
machine.  These  functions  included:  1)  selecting  the  individual  filaments  for 
analysis  from  the  twenty  filament  sample  barrel,  2)  applying  a  steady 
current  across  the  filament,  3)  peak  searching  and  source  focusing,  4)  setting 
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and  maintaining  the  magnetic  field,  and  5)  data  collecting  and  reducing. 
The  VG  Sector  54  normally  has  seven  different  Faraday  Detectors  noted  as 
LI,  L2,  Axial,  HI,  H2,  H3,  and  H4  (Note:  It  also  has  one  Daly  detector 
system  available  for  use  on  the  axial  position,  but  we  did  not  use  this 
detector  for  the  isotopic  ratio  measurement).  The  Faraday  cup  detects  ions 
as  positive  electric  charges,  and  hence  has  essentially  an  equal  response  to 
different  ionic  masses.  It  consists  of  a  carbon  coated  metal  box  with  an 
inclined  metal  electrode  that  collects  the  incoming  ions17. 

Positive  ions  striking  the  electrode  cause  an  accumulation  of  positive 
electric  charge,  which  is  neutralized  by  an  electric  current  flowing  from  the 
earth  through  a  large  1011  ohm  resistor.  The  potential  difference  across  the 
resistor,  measured  by  a  high  impedance  voltmeter,  is  proportional  to  the  ion 
current  (the  sensitivity  is  typically  around  10 11  Amps  per  volt).  This 
detector  has  an  equal  response  to  all  ions  and  has  low  electrical  noise. 
However,  the  ion  signal  takes  time  to  build  up  or  decay  after  switching  an 
ion  beam  in  or  out  of  the  cup.  Electronic  noise  in  the  resistor  restricts  the 
Faraday  cup  to  measurement  of  ion  beams  greater  than  10'15  Amps18. 

The  slit  size  is  set  for  each  detector.  Most  of  the  detectors  in  the  VG 
Sector  have  a  fixed  slit  size  of  1  mm,  except  for  the  axial  detector.  The  axial 
faraday  cup  is  the  only  detector  that  is  able  to  reduce  the  slit  size,  thereby 
increasing  its  mass  resolution,  but  reducing  its  sensitivity.  However,  to  keep 
as  many  variables  as  possible  constant,  a  1  mm  slit  setting  was  used  on  the 
axial  detector  to  have  a  comparable  signature  with  the  other  detectors  used 
in  the  isotope  ratio  measurement. 
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The  static  multi  collector  measurement  mode  was  used  to  collect  the 
isotopic  ratio  of  the  samples.  The  TIMS  machine  measured  the  isotopic  ratio 
for  uranium  by  comparing  the  intensity  simultaneously  in  the  two  ion  beams 
falling  in  the  faraday  cup  detectors  located  at  LI  and  AX  primarily.  The  LI 
and  AX  Faraday  detectors  were  used  to  measure  the  238U  and  235U  mass 
beams  respectively  (AX:  238U,  LI:  235U).  The  detector  spacing  for  examining 
uranium  metal  is  in  reference  to  the  axial  detector  using  arbitrary  motorized 
steps  for  the  VG  Sector  54.  For  uranium  metal,  the  axial  detector  is  fixed 
and  set  for  238U  ion  flux.  LI  is  set  at  the  959  step  referenced  off  the  axial 
detector  and  set  for  the  235U  ion  flux.  L2  is  at  1495  step  and  used  for  the 
233U  ion  flux11. 

As  the  filaments  come  out  of  the  warm  up  mode  at  4.1  amps,  the  238U 
beam  is  focused  into  the  AX  detector.  The  spread  of  the  beam  peaks  is  the 
same,  but  by  adjusting  the  high  voltage  potential  on  the  lenses,  the  beam  is 
focused  and  centered  into  the  cup  until  a  flat  top  peak  is  achieved.  The  slit 
focus  sequence  by  the  software  is  in  the  following  order: 

•  D-Focus 

•  Z-Focus 

•  D-Bias 

•  Z-Bias 

•  Slit 

•  Extract 

•  Source 
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Adjusting  the  high  voltage  of  the  lenses  shifts  the  whole  array  of  the 
spectrum.  The  high  voltage  tuning  is  a  more  stable  adjustment  than 
attempting  to  move  the  beam  by  changing  the  magnetic  field,  which  is  kept 
constant  throughout  this  process11. 

Focusing  the  ion  beams  is  an  iterative  process.  Adjustments  are  not 
made  by  jumping  to  a  particular  temperature  or  amperage  (amp)  setting  and 
focusing  the  beam.  Rather  it  is  a  slower,  more  methodical  adjustment.  As  it 
comes  out  of  warm  up  at  4.1  amps,  the  first  major  focusing  takes  place.  The 
amperage  is  increased  manually  in  steps  of  0.01  amps  up  to  the  measurement 
amperage,  usually  around  4.3  amps  for  our  analysis.  At  this  point  the 
machine  enters  into  a  second  focusing  adjustment.  Subsequent  focusing  also 
occurs  for  every  block  measurement11. 

The  software  automates  much  of  the  ion  flux  intensity  measurements 
for  the  isotopes.  It  divides  the  measurements  in  cycles  and  blocks.  Each 
cycle  consists  of  five  individual  measurements.  There  are  ten  cycles  per 
block,  where  each  block  takes  about  two  minutes.  In  general,  ten  blocks  per 
bead  were  recorded  at  a  fixed  amperage  setting.  The  actual  flux  intensity 
measurements  are  in  Appendix  4,  Annexes  F  through  I.  The  software 
parameters  were  set  up  to  disregard  up  to  one  cycle  measurement  if  the 
measured  ratio  was  more  than  two  standard  deviations  from  the  mean  of  the 
block  measurement.  The  last  temperature  in  the  cycle  was  recorded  as  the 
block  temperature.  When  the  temperature  reached  2030°C,  the  software 
interface  continued  to  record  only  2030°C.  A  pyrometer  outside  of  the 
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machine  was  then  used  to  get  accurate  temperatures  for  blocks  operating  at 
temperatures  above  2030  C. 

The  beam  intensity  is  displayed  on  an  LCD  display  directly  on  the 
TIMS  in  millivolts  (mv)  or  on  the  computer  display  in  amperages  (10  mv  on 
the  LCD  display  equals  lxl  013  amps  on  the  print  out  from  the  computer 
generated  information).  Beam  strengths  are  generally  maintained  at  or 
above  100  mv  or  lxlO'12  amps.  Low  beam  strengths  or  values  less  than  above 
meant  that  there  was  very  little  uranium  mass  on  the  filament  or  that  the 
filament  temperature  was  not  hot  enough. 

4.5  Observations 

TIMS  was  used  twice  during  this  research.  The  first  TIMS  analysis 
was  performed  to  investigate  the  isotopic  ratio  of  the  uraninite  solid  from  the 
second  bacterial  reduction  experiment.  The  uranium  media  delivered  to  the 
bacteria  at  that  time  came  from  an  older  uranium  acetate  salt  by  Fisher 
Scientific  Company.  Lot  number  and  much  of  the  manufacture  information 
were  difficult  to  obtain  because  the  identifying  label  was  nearly  gone.  The 
initial  results  from  these  experiments  can  be  found  in  Appendix  4,  Annex  E. 
The  net  result  observed  from  sample  AO  was  that  the  uranium  acetate  salt 
was  produced  from  a  depleted  uranium  source.  This  pushed  the  mean 
238-y /235-jj  rati0  wen  above  307  with  individual  block  values  in  a  twenty  block 
measurement  as  high  as  308.152  and  as  low  as  305.516.  This  saturation  of 
238U  and  depletion  of  235U  created  problems  when  trying  to  compare  the  ion 
beam  intensities  and  correct  for  instrumental  or  mass  fractionation.  The  ion 
beam  intensity  for  the  235U  was  simply  too  low  and  unreliable  that  the  TIMS 
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was  unable  to  resolve  the  isotopic  ratio  within  a  precision  necessary  to  detect 
any  biologic  fractionation. 

To  mediate  this  dilemma,  an  enriched  uranium  sample  that  had  equal 
amounts  of  both  isotopes  was  found.  The  New  Brunswick  Laboratory 
operated  by  the  United  States  Department  of  Energy  supplies  enriched 
certified  reference  material  (CRM)  for  precise  isotopic  work.  CRM  U500 
was  selected  because  the  ratio  between  the  two  isotopes  was  nearly  one  to 
one.  The  technical  data  from  the  certificate  of  analysis  is  in  Table  4.5. 

Table  4.5  New  Brunswick  Laboratory  Certified  Reference  Material  Certificate  of 
Analysis  for  CRM  U500 ,  Uranium  Isotope  Standard . 


234u 

235-jj 

236-jj 

238U 

Atom  Percent 

0.5181 

±0.0008 

49.696 

±0.050 

0.0755 

±0.0003 

49.711 

±0.050 

Weight  Percent 

0.5126 

49.383 

0.0754 

50.029 

The  uncertainties  for  the  isotopic  composition  are  95%  confidence 
interval  for  a  single  determination. 

July  5,  1994 
Argonne,  Illinois 

(Revision  of  NBL  Certificate  Dated  October  1,  1987) 

Carleton  D.  Bingham 
Director 

Using  the  information  in  Table  4.5,  the  baseline  isotopic  ratio  for  238U 
to  235U  is  1.0003±0.0014.  The  key  to  our  ability  to  identify  biological 
fractionation  was  to  minimize  the  instrumental  or  mass  fractionation.  The 
purchase  and  use  of  U500  served  two  purposes.  It  improved  our  ability  to 
detect  any  biological  fractionation  of  the  reduction  process,  and  it  served  as 
an  empirical  standard  to  benchmark  mass  fractionation  behavior.  U500 
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238/235  Uranium  isotope  Ratio 


arrived  in  the  solid  form  of  U308,  a  mixed  oxidative  state  of  uranium  VI  and 
IV.  The  enriched  solid  sample  was  then  converted  into  a  uranium  acetate 
solution  in  a  method  covered  in  Chapter  3. 

The  samples  loaded  in  turret  number  one  are  listed  in  Appendix  4, 
Annex  D.  Turret  one  was  our  first  baseline  for  the  empirical  behavior  of  the 
U500  standard  and  the  first  look  at  supernatant  signature  of  the  control 
samples.  The  primary  effects  investigated  were  the  effect  of  H3P04,  graphite 
mixture  volume  (1  and  3  pL),  sample  load  amount  (1  and  3  pL),  and 


Comparison  of  Load  Sample  Size  on  Mass  Fractionation 
1  uL  versus  3  uL  with  3uL  Graphite 


♦  Bead  4A 
■  Bead  10A 
A  Bead  9B 

▲  Bead  9A 
a  Bead  9X 
a  Bead  9Y 

▲  Bead  9Z 
-  U500 


Figure  4.10  Comparison  of  Fractionation  Behavior  with  Temperature  and  Load  Sample 
Size  in  Turret  One .  _ _ _ _ _ — 


temperature  on  mass  fractionation.  All  filaments  were  prepared  using  the 
regular  technique.  Turret  one  also  provided  the  raw  intensities  for  the 
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isotope  dilution  calculations  to  determine  the  uranium  concentration  in  the 
reagents.  Generally,  most  of  the  filaments  provided  reliable  and  stable  beam 
intensities.  Beads  seven  and  eight  were  not  run  because  of  the  observed 
behavior  of  the  bead  with  only  1  pL  of  graphite  in  the  earlier  filaments. 

One  of  the  most  significant  results  was  then  comparison  of  load  size 
effect  on  the  fractionation  behavior.  Figure  4.10  looks  at  samples  that  were 
prepared  similarly,  with  the  only  difference  in  the  load  amount.  Bead  four 
with  1  pL  is  compared  to  beads  nine  and  ten  with  3  pL  as  it  fractionates  as  a 
function  of  filament  temperature.  The  pattern  is  nearly  identical  in  the 
temperature  range  of  1970  to  2030  despite  a  difference  of  three  times  the 
mass  of  the  samples.  The  shaded  region  on  the  isotopic  graph  represents  the 
isotopic  ratio  of  U500  using  the  certificate  of  analysis  values  and  standard 
deviations  of  the  atomic  percentages 

The  control  supernatant  samples  were  prepared  with  1  pL  of  sample 
and  3  pL  of  graphite.  They  were  measured  in  three  consecutive  blocks  of  ten 
at  constant  amperages  4.30,  4.37,  and  4.40.  Filament  19,  which  had  control 
sample  C24,  showed  an  extremely  low  and  unreliable  beam  intensity.  The 
behavior  of  all  other  control  samples  is  graphed  in  Figure  4.10,  and  it  shows 
similar  ratios  and  mass  fractionation  behavior  for  all  the  control  samples. 
This  confirms  the  assumption  earlier  that  chemical  fractionation  was  not  a 
factor  in  this  experiment.  The  total  isotopic  ratio  behavior  for  all  filaments 
in  turret  one  is  graphed  as  a  function  of  consecutive  bead  measurements. 
The  graphs,  along  with  the  raw  data  are  in  Appendix  4,  Annex  F. 
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238/235  Ratio 


Turret  One 

Control  Supernatant  Samples 


■  COS  A  ♦  COS  B  A  COS  C  ■  C4A  ♦  C4B  ▲  C4C  ■  C8A  ♦  C8B  A  C8C  □  C95A  o  C95B  A  C95C 


Figure  4.11  Control  Samples  CO,  C4,  C8,  and  C95.  This  graph  shows  the  similar 
isotopic  ratios  of  the  control  samples.  It  demonstrates  similar  mass  fractionation 
behavior.  A  series  is  at  4.30  amps,  B  series  is  at  4.37  amps,  and  C  series  is  at  4.40 
amps  with  the  corresponding  filament  temperature  in  degrees  Celsius  next  to  the 

data  point. _ _ 

Table  4.6  shows  the  uranium  concentration  of  the  blank  samples  using 
isotope  dilution.  Isotope  dilution  is  best  described  in  17.  Isotope  dilution  or 
ID  uses  a  known  mass  m6  of  spike  that  is  mixed  with  an  unknown  sample. 
The  isotopic  composition  of  the  element  of  interest  in  the  mixture  is  then 
determined,  and  expressed  by  the  ratio  of  two  isotopes  A  and  B  where 


R^i^A/B.  This  is  then  related  to  mass  by  equation  4.2.  The  natural  values 
for  uranium  are  used  for  AE,  XA>B,  and  RSample.  The  spike’s  isotopic  ratios 
were  1.01106  for  233U/235U  and  0.007614  for  238U/235U.  The  results  show  an 
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extremely  small  amount  of  uranium  compared  to  the  amount  in  the  reagents: 
picograms  (1012)  as  compared  to  micrograms  (10'6)  which  is  the  mass 
contributed  from  the  test  samples. 


mS^E^  "  R  spike  ) 

X  A,E  (1  —  ^ma  I  &  sample  ) 


where : 

Ae  =  relative  atomic  mass  of  element  E  in  unspiked  sample  (235.1 96  g  mol'1 ) 

CB  S  =  concentration  of  isotope  B  in  spike  (1 .60967x1  O'9  mol  of  235  U  per  g) 

XAE  =  atomic  fraction  of  isotope  A  in  element  E  in  unspiked  sample  (3.79x1  O’3  for  238 U) 
Rsampie  =  isotopic  ratio  of  A/Bin  unspiked  sample (23SU/235U  =  137.88 for  natural  uranium) 
RsPike  =  isotopic  ratio  of  A/Bin  pure  spike  (238t//235t/  =0.007614) 


Table  4.6  Isotope 
Concen  tra  tions 

Dilution  Calculation  of  Blank  Uranium 

Sample 

ms  (g) 

mE  (pg) 

Blank  11 

0.0109 

5.69 

Blank  12 

0.0114 

4.90 

Blank  13 

0.0077 

6.59 

Blank  14 

0.0084 

4.90 

Blank  15 

0.0102 

5.60 

Average  Mass 

5.54+0.62 

The  data  gathered  in  turret  one  helped  shape  our  next  series  in  turret 
two.  The  addition  of  phosphoric  acid  on  the  U500  filaments  helped  promote 
more  stable  ion  beam  intensities.  This  was  an  important  note  because  all  of 
the  test  samples  were  prepared  in  this  acid.  In  the  second  turret,  samples 
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with  1  M  H3PO4  were  prepared  to  investigate  its  effect  on  the  beam 
intensity. 

It  was  also  generally  observed  in  turret  one  that  at  constant 
amperages  as  the  sample  burned  off  the  filament  the  filament  temperature 
increased  and  the  ion  beam  intensities  decreased  with  time.  To  moderate 
this,  a  thicker  mixture  of  colloidal  graphite  was  made  for  turret  two  that  was 


Turret  Two 
Bead  1, 5,  6 ,7 

U500  0.1  M  H3P04;  3uL  Sample:  Sandwich  Load 


Figure  4.12  Sandwich  Loading  Technique  with  U500:  This  shows  the  behavior  of  the 
U500  standard  when  prepared  using  the  sandwich  method  with  respect  to  consecutive 
block  measurements.  The  results  seem  to  show  a  more  consistent  behavior  in  terms  of 
controlling  instrumental  fractionation,  that  is  changes  in  the  isotopic  measurement 
between  each  consecutive  measurement.  The  first  sample  still  showed  a  steep  slope  so 
the  other  samples  with  1M  were  not  run. 
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also  used  for  the  remaining  turrets.  The  graphite  mixture  was  doubled  from 
the  original  mixture  of  five  parts  water,  one  part  graphite  to  two  parts  water 
and  one  part  graphite.  In  addition,  the  sandwich  technique  (described 
earlier)  was  used  for  the  filaments  in  turret  two,  except  for  beads  three  and 
four,  which  did  not  have  a  top  layer  of  graphite. 

The  results  from  turret  two  provided  some  interesting  results.  There 
were  seven  filaments  prepared  for  this  turret,  all  using  the  U500  standard. 
Only  four  were  actually  analyzed.  Because  of  the  rapid  mass  fractionation 


Turret  Two 

Bead  1,  5,6,  7  versus  Temperature 
U500  0.1  M  H3P04;  3uL  Sample:  Sandwich  Load 


Temperature 


Figure  4.13  Sandwich  Loading  Technique  with  U500  as  a  Function  of 
Temperature:  This  graph  shows  the  same  samples  as  in  Figure  4.11,  but 

referenced  off  the  filament  temperature.  This  chart  seems  to  indicate  a  more 
erratic  behavior.  The  amperage  is  increased  in  the  different  block  measurement 
that  usually  results  in  increased  temperature  and  isotopic  ratio  values.  Higher 
temperatures  usually  reduce  the  instrumental  fractionation  but  this  also  causes 
a  more  rapid  burn  off  of  the  element  of  interest  off  the  filament. 
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observed  in  bead  one,  filaments  two  through  four  were  not  run.  This  can  be 
seen  in  the  relatively  steep  slope  of  bead  one  in  Figure  4.12.  Figure  4.12 
shows  the  fractionation  behavior  with  respect  to  analysis  time.  Beads  five 
and  seven  appear  to  be  well  behaved.  However,  when  the  fraction  behavior 
is  compared  with  respect  to  temperature  in  Figure  4.13,  it  appears  to  be 
much  more  erratic. 

The  next  three  turrets,  noted  as  turrets  three,  four  and  five,  were  run 
that  finally  offered  data  of  the  test  sample  supernatants  and  precipitates. 
The  filaments  in  turret  three  and  four  were  all  prepared  with  the  sandwich 
technique.  Only  1  pL  of  the  sample  solution  was  used  to  prepare  these 
filaments.  Bead  seven  (C4S)  in  turret  three  appeared  to  flake  off  yielding  no 
ion  flux  when  it  was  measured.  In  addition,  very  low  beam  strength  values 
were  observed  for  two  beads  of  turret  three  (S24S-1,  and  S95S-1).  This  was 
somewhat  expected  because  at  these  time  intervals  most  of  the  uranium  had 
been  converted  into  solid  uraninite.  These  were  re-loaded  with  2  of  the 
remaining  4  pL  of  sample  for  filaments  in  turret  four. 

The  results  from  turrets  three  and  four  indicated  that  the  regular 
loading  technique  seemed  to  offer  more  consistent  results  than  the  sandwich 
method.  The  filaments  for  turret  five  for  test  samples  S4S,  S8S,  S24S,  and 
S95S  were  prepared  with  two  pL  and  used  the  regular  filament  preparation 
method.  The  beam  currents  in  this  run  were  all  higher  except  S95.  The 
larger  loads  in  both  turret  four  and  five,  with  2  pL  as  compared  to  1  pL, 
show  a  shallower  slope  in  instrumental  fractionation,  meaning  less 
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instrumental  fractionation  with  more  sample.  The  final  results  of  all  these 
runs  including  charted  isotopic  ratios  is  in  Appendix  4,  Annex  H. 

The  charts  in  Annex  H  provided  some  very  interesting  information 
and  at  first  glance  indicated  an  apparent  biological  fractionation.  This 
meant  that  over  a  certain  period,  the  238XJ/235U  ratio  got  larger  for  the 
supernatants  and  smaller  for  the  precipitates.  Charts  H-2-1  through  H-2-6 
show  the  total  supernatant  and  precipitate  ratios  as  both  functions  of 
filament  temperature  and  consecutive  bead  measurements,  with  the  regular 
loaded  supernatant  samples  on  a  separate  chart  than  the  sandwich  method. 
At  this  point,  the  precipitate  ratios  data  were  all  from  samples  prepared 
with  the  sandwich  method.  However,  the  sandwich  method  did  not  appear 
to  provide  the  most  consistent  and  well-behaved  data.  The  best  results 
appeared  to  come  from  the  regularly  loaded  supernatant  samples.  An 
example  of  these  charts  is  shown  in  Figure  4.14.  In  this  chart,  the  trend 
shows  that  at  the  higher  temperature  values  where  instrumental 
fractionation  is  minimized,  the  238XJ/235U  increased  as  the  allowed  bacterial 
interaction  time  increased.  In  other  words,  S4S<  S8S<  S24S<  S95S  where 
S95S  seemed  to  clearly  stabilize  at  a  much  higher  value  than  any  of  the 
other  ratios. 
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Turret  Three  through  Five 

Test  Sam  pie  Supernatant  Isotopic  Ratios  as  a  Function  of  Tem  perature 
Regular  Loading 


Tem  perature 


Figure  4.14  Test  Sample  Supernatant  Isotopic  Ratios:  This  chart  shows 
the  instrumental  fractionation  as  a  function  of  Temperature  using  the 
regular  loading  method  for  the  filaments.  Notice  as  temperature  increases 
the  slope  decreases,  especially  at  the  2000°C  range.  In  addition,  notice  the 

ratio  stahillgos  at  a  Viicrhpr  nnint.  with  aarh  giir.rpscivp  int.prart.ion  t.imp. _ _ 

The  next  series  of  charts  compare  the  supernatant  and  precipitate 
ratios  directly  for  the  interaction  time  periods  of  8,  24,  and  95  hours. 
Because  the  precipitate  ratios  at  this  point  were  all  prepared  with  the 
sandwich  method,  only  the  sandwich  method  supernatant  ratios  were  used  in 
these  charts.  The  block  measurements  that  are  closest  in  filament 
temperature  are  charted  together  and  each  chart  clearly  shows  a  measurable 
difference  in  the  isotopic  ratios  of  the  precipitate  and  supernatant  with  the 
all  supernatants  higher  than  the  precipitates.  The  temperature  for  each 
block  measurement  is  shown  in  parenthesis  next  to  the  data  point  on  the 
chart.  The  closest  temperature  comparison  that  is  at  a  temperature  that 


139 


minimizes  the  instrumental  fractionation  is  shown  in  Figure  4.15  for  the  95 


TurretThree  through  Five 

95  HOUR  Supernatant  and  Precipitate  Com  parison  Sandwich  Style 


hour  test  sample. 

The  last  series  of  charts  for  these  runs  showed  the  sandwich  and 
regular  loaded  samples  for  both  precipitate  and  supernatants  at  each  specific 
time  interaction.  SOS  and  COS  are  also  charted  together  to  show  any 
isotopic  ratio  differences.  The  comparisons  were  graphed  with  the  ratios  as  a 
function  of  temperature  and  consecutive  block  measurements. 
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Two  factors  required  clarification  before  making  any  conclusions.  The 
first  was  the  precipitate  and  supernatant  comparisons  were  made  with  the 
sandwich  method,  which  was  not  as  reliable  as  the  regular  loading  method 
was.  The  second  was  the  issue  of  filament  load  size.  Although  in  turret  one 
the  data  for  differences  of  two  or  times  the  mass  on  the  filaments  appeared 
to  be  behave  similarly,  the  issue  of  three  orders  of  magnitude  differences  was 
not  adequately  studied.  It  was  observed  that  mass  or  instrumental 
fractionation  is  more  severe  at  the  lower  temperatures.  As  the  filament  is 
warmed  up,  it  loses  more  235U  than  238U  and  then  stabilizes  at  temperatures 
near  2000°C.  This  effect  has  a  greater  impact  on  the  isotopic  ratio  that  a 
smaller  sample  would  stabilize  at  than  that  of  a  much  larger  sample  where 
the  reservoir  of  atoms  is  much  larger.  This  effect  may  be  the  reason  that  the 
supernatant  ratios  are  so  much  different  from  the  precipitate  ratios  at  the  24 
and  95  hour  samples.  Although  the  95  hour  isotopic  ratios  seemed  to  clearly 
show  a  fractionation,  there  was  three  orders  of  magnitude  difference  for 
uranium  present.  This  can  also  be  seen  in  the  raw  data  ion  beam  intensities 

in  Annex  H-l. 

Before  concluding  anything  beyond  this  point,  a  closer  evaluation  was 
made  of  the  filament  load  size  that  related  directly  back  to  the  test  sample 
concentrations.  Concentration  of  the  supernatant  samples  could  be 
estimated  directly  back  to  the  ICP-AES  concentration  values  that  were 
calculated  Table  4.1.  The  precipitate  solutions  that  were  still  in  the 
microcentrifuge  tubes  were  then  analyzed  for  their  concentration.  Although 
the  solutions  had  been  sitting  idle  for  almost  30  days,  the  precipitate  samples 
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were  in  a  strong  acid  solution  of  6.3  N  HNOa  that  should  have  prevented 
sorption.  The  microcentrifuge  tubes  were  shaken  manually  for  a  few  seconds 
and  then  spun  for  ten  minutes  in  the  centrifuge.  Then  200  |xL  of  the 
remaining  750  pL  was  removed  with  a  calibrated  Eppendorf  100-1000  pL 
pipettor  and  placed  into  a  15  mL  polypropylene  centrifuge  tube.  This  was 
then  diluted  with  five  mL  of  MQ  H20.  The  acid  concentration  was  now 
estimated  at  0.242  N  HNOg.  Then  9.68  mL  of  1.0  N  HN03  was  diluted  with 
MQ  H20  to  give  40  mL  of  0.242  stock  solution  that  would  be  used  to  dilute 

the  ICP-AES  uranium  standard  solutions. 

U500  Precipitate  Concentration  Analysis  by  ICP  AES 
6  March  00 
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Figure  4.16  Calibration  Curve  and  Concentration  Determination  for  Enriched 
Uranium  Acetate  Precipitate  Solutions-.  The  photon  intensities  of  385.958nm  for 
the  standard  uranium  solutions  with  a  known  concentration  are  graphed  and 
linearly  regressed.  This  regression  gives  an  equation  for  intensities  as  a  function 
of  concentration  to  determine  the  total  uranium  concentration  in  the  precipitate 
solutions  in  the  microcentrifuge  tubes  for  S4,  S8,  S24,  and  S95. 
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The  final  ICP-AES  data  and  calibration  curve  for  the  uranium 
standards  is  Table  4.7.  Despite  the  high  estimated  concentrations  in  Table 
4.6,  the  ICP-AES  values  were  much  lower.  The  ICP-AES  data  provided  two 


Table  4.7  ICP-AES  DATA  for  the  Precipitate  Solutions  in  the  1.5 
mL  Microcentrifuge  Tubes 

Sample 

Concentration 

(mM) 

Spectral  Intensity 
(Mean  Value  of  3 
Measurements) 

Standard 

Deviation 

Water 

22442 

127.2 

Water 

22822 

74.4 

MQ  H20 

22847 

196.4 

MQ  H20 

22510 

301.3 

STD  1 

1.01E-01 

70783 

610.0 

STD  2 

8.32E-01 

410548 

4768.0 

Water 

22170 

6.7 

STD  3 

4.62E-01 

244879 

2300.0 

STD  4 

4.16E+00 

2481350 

14919.0 

S4  1 

5.51E-02 

69294 

410.2 

S8 

7.60E-02 

81918 

758 

24 

1.30E-01 

114190 

698 

Water 

22184 

108.8 

95 

1.40E-01 

120490 

955 

Water 

22499 

120 

Calculated 

Concentration 

in 

Microcentrifuge 
Tubes  (mM) 

Moles  of  Uranium 
into  dry  down  of 

U02(NO3)2 

Exchange 
Capacity  of 
the  Resin 

S4P 

1.43E+00 

3.58E-07 

7.00E-05 

S8P 

1.98E+00 

4.94E-07 

7.00E-05 

S24P 

3.37E+00 

8.42E-07 

7.00E-05 

S95P 

3.64E+00 

9.10E-07 

7.00E-05 

interesting  observations.  The  first  is  that  the  concentration  in  the  1.5  mL 
tubes  was  significantly  lower  than  expected.  In  Appendix  4,  Annex  J, 


estimates  of  the  concentration  were  estimated  to  be  almost  three  times  as 


high.  This  indicates  that  cellular  sorption  of  uranium  increased  time  as  the 
time  allowed  interaction  with  the  living  cells  increased,  and  that  it  appears 
that  the  rinses  worked  in  removing  this  uranium  from  the  precipitates. 
Secondly,  the  concentration  was  sufficiently  low  enough  that  the  uranium  did 
not  saturate  the  resin. 

The  next  step  was  to  dilute  the  precipitate  samples  down.  There  were 
four  pL  of  the  S4P  through  S95P  samples.  One  of  the  5  pL  had  been  used 


Table  4.8  Filament  Load  Amounts  for  the  Control  and  Test  Samples 

Samples 

Uranium  (fug) 

Notes 

Control 

6.23 

1/5  added  to  the  CXS 

Filaments 

Supernatants 

S4S 

5.3 

1/5  used  first  in  SXS-1 

S8S 

2.86 

filaments  that  were  loaded 

S24S 

1.71 

by  sandwich  method.  2/5 

S95S 

0.17 

used  in  —2  samples. 

Precipitates 

S4P 

144.3 

1/5  used  for  SXP-1  filaments 

S8P 

185.9 

4/5  remained. 

S24P 

293.3 

S95P 

314.5 

Diluted  Precipitate 

S4P-2 

1.11  pg/pL 

1  pL  used  to  prepare  these 

S8P-2 

1.43  pg/pL 

filaments  for  turret  six. 

S24P-2 

2.26  pg/pL 

S95P-2 

2.42  pg/pL 

earlier  to  prepare  the  samples  for  turret  three.  These  remaining  4  pL  were 
diluted  with  100  pL  of  MQ  H20.  Table  4.8  summarizes  the  calculated 
uranium  amounts  in  the  samples.  From  the  results  discussed  for  turret  one 
earlier  as  long  as  filaments  are  loaded  a  mass  of  uranium  that  is  within  one 
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or  two  times  the  amount  of  another,  the  instrumental  fractionation  behavior 
should  be  similar.  Turret  six  was  then  loaded  according  to  Annex  D  using  1 
of  the  diluted  precipitate  solution.  The  results  from  turret  six  including 
isotopic  graphs  and  raw  data  are  in  Appendix  4,  Annex  I. 

The  results  from  the  runs  of  turret  six  indicated  that  the  separation 
shown  in  Figure  4.14  and  4.15  of  the  isotopic  ratios  observed  in  turrets  three, 

S95 
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Figure  4.1 7  Comparison  of  95  Hour  Sample  Isotopic  Ratios:  This  chart  shows 
the  instrumental  fractionation  as  a  function  of  temperature  using  the  regular 
loading  method  for  the  filaments.  Although  there  is  separation  between  S95S 
and  S95P,  the  beam  intensities  are  different  indicating  that  there  is  a 
significant  mass  load  difference  in  these  filaments.  When  compared  to  C95, 
whose  beam  intensities  are  similar,  this  almost  no  difference  in  the  isotopic 
ratio. 


four,  and  five  is  a  result  of  instrumental,  not  biologic  fractionation.  To  help 
clarify  the  situation,  the  control  samples  were  also  added  to  the  charts. 
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What  is  observed  in  S4  and  S8  is  a  reverse  trend  of  what  was  expected 
showing  the  precipitates  higher  than  the  supernatant  ratio.  The  beam 
intensities  for  S4  are  very  similar  indicating  that  the  dilution  step  of  the 
precipitate  samples  helped  indeed  match  the  filament  load  sizes.  There  is 
some  separation  between  the  supernatant  and  precipitate  at  the  95  hour 
sample,  but  the  intensities  are  different.  When  the  control  data  is  shown,  it 
lies  very  close  to  the  precipitate  behavior.  The  95  hour  samples  are  re¬ 
graphed  this  time  using  the  regular  loaded  supernatant  sample,  the  diluted 
precipitate  sample,  and  the  control  sample  in  Figure  4.17.  The  remaining 
graphs  in  Annex  I  all  indicate  that  there  is  not  a  detectable  level  of 
biological  fractionation.  Any  fractionation  appears  to  be  more  a  function  of 
load  size  and  instrumental  effects,  than  a  biological  kinetics  effect. 

4.6  Results  and  Conclusions 

TIMS  is  a  high  precision  device  that  is  widely  available  to  measure  the 
isotopic  differences  in  solid  samples.  TIMS  analyzes  these  ratios  by 
measuring  the  ion  flux  densities  emanating  off  a  heated  element  that  forms 
positive  ions  as  a  function  principally  of  the  ionization  efficiency  of  the 
element  of  interest  and  the  work  function  of  the  filament.  The  ability  to 
detect  an  accurate  ratio  requires  correction  of  mass  or  instrumental 
fractionation,  which  is  the  tendency  of  the  lighter  isotopes  to  leave  first. 
This  research  attempted  to  detect  if  an  isotopic  difference  occurred  in  the 
uranium  precipitates  formed  by  the  bacterial  reduction  that  take  places 
during  the  anaerobic  respiration  phase  of  the  organism. 
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The  results  of  this  work  are  most  clearly  described  in  the  charts  of 
Appendix  4,  Annex  I.  The  isotopic  fractionation  appears  not  to  be  a  result 
of  biological  fractionation,  but  instead  on  the  load  mass  of  the  element  of 
interest  on  the  filament.  Some  areas  could  have  been  improved  for  future 
research  of  this  effect.  The  first  is  to  perform  a  more  accurate  concentration 
calculation  using  an  ICP-AES  or  other  method  after  the  final  chemistry  step 
in  the  columns.  This  would  give  a  greater  ability  to  control  the  load  sizes. 

The  second  improvement  would  be  to  better  remove  the  supernatant 
from  the  precipitate.  For  this  research  specifically,  a  better  rinse  technique 
would  have  been  to  use  a  0.1  N  HC1  solution  as  opposed  to  MQ  H20. 
Uraninite  does  not  dissolve  in  HC1  therefore  it  would  have  remained  solid. 
However,  the  HC1  would  have  been  a  stronger  desorbing  agent  than  water 
for  any  sorbed  uranium  species.  The  large  differences  between  the  calculated 
concentration  of  precipitate  solutions  in  the  microcentrifuge  tubes  and  the 
estimated  values  in  Appendix  4,  Annex  J  seem  to  indicate  a  time  dependent 
enzymatic  effect  of  the  organism  grapping  hold  of  the  aqueous  uranium 
species.  In  other  words,  the  assumption  in  this  report  was  that  sorption 
increased  with  the  dissolved  uranium  interaction  time  with  the  living  cells. 

This  report  concludes  then  that  there  is  no  concentrated  build  up  of 
enriched  uranium  caused  by  the  enzymatic  precipitation  by  anaerobic 
bacteria  living  in  the  soil.  The  mass  difference  was  not  significant  enough  to 
cause  a  distinguishable  difference  in  the  reduction  rates  of  either  the  U  or 
235U  isotopes. 
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Chapter  5 


Conclusion  and  Recommendations  for 
Future  Work 

The  purpose  of  this  chapter  is  to  briefly  review  the  results  of  the 
experimental  work  and  provide  insight  on  improvements  to  the  laboratory 
procedure.  Section  5.1  reviews  the  dye  complexation  results  with  uranium 
and  organic  dyes.  Section  5.2  briefly  discusses  the  microbiological  work  and 
uranium  acetate  preparation.  Section  5.3  talks  about  the  isotopic  ratio  of 
uranium  atoms  throughout  the  bacterial  precipitation  experiment.  Section 
5.4  provides  some  final  thoughts  on  future  research  in  this  area. 

5.1  Organic  Indicator  Dye  Results 

The  main  purpose  of  Chapter  2  was  to  evaluate  the  complexation  of 
organic  dyes  with  uranium  metal  in  an  aqueous  solution  to  determine  the 
concentration  and  the  oxidation  state  of  the  uranium  species.  The  primary 
goal  was  to  identify  a  dye  with  significant  visible  color  differences  between 
U(VI)  and  U(IV)  complexes.  Arsenazo(III)  complexes  were  used  for  the 
concentration  measurements.  Oxazine  dyes  Brilliant  Cresyl  Blue,  Gallomine 
Triethoiodide,  and  Celestine  Blue  were  evaluated  in  solutions  of  different  pH 
to  determine  qualitatively  which  one  provided  the  most  visible  color 
difference  between  complexes  formed  with  U(VI)  and  U(IV). 
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Although  U(VI)  species  are  much  more  soluble  than  U(IV),  the  first 
experiment  showed  that  when  phosphate  ions  were  present,  U(VI) 
precipitates  out  of  solution.  Therefore  when  making  any  medium  to  be  used 
with  bacteria,  it  is  important  to  avoid  the  use  of  any  phosphate  ions. 

The  oxazine  dye  experiments  analyzed  the  absorbance  intensity  in  the 
UV /Visible  range  of  the  electromagnetic  spectrum  between  400-800  nm 
wavelengths  in  a  variety  of  pH  buffer  and  nitric  acid  solutions.  A  baseline 
spectrum  without  the  uranium  present  was  measured  first.  Then  solutions 
containing  U(VI)  and  U(IV)  were  added  and  the  changes  to  the  absorbance 
spectrum  were  compared  to  the  baseline  spectrum  of  the  dyes.  The  two 
uranium  complexation  spectra  for  U(VI)  and  U(IV)  were  also  compared 
against  one  another  to  determine  a  difference  in  absorbance  between  the 
complexes  formed  with  the  uranium  metal  species.  Celestine  Blue  offered 
the  largest  color  difference  over  any  of  the  uranium  complexes  formed  with 
Gallomine  Triethoiodide  and  Brilliant  Cresyl  Blue.  The  greatest 
differentiation  between  the  U(VI)  and  U(IV)  complexes  with  Celestine  Blue 
occurred  with  1.0  N  nitric  acid  shown  in  Figure  2.10.  The  U(VI)  complex 
had  a  large  absorbance  peak  where  the  U(IV)  complex  was  nearly  colorless. 

The  next  step  to  further  this  research  would  be  to  test  the  behavior  of 
Celestine  Blue  in  the  agar  media  used  to  culture  bacteria  on  circular  plates. 
First,  uranium  solutions  of  U(IV)  and  U(VI)  would  be  applied  and  then 
cultured  plates  with  the  metal  reducing  bacteria  in  an  anaerobic 
environment  would  be  used.  Gradually,  the  research  should  move  toward 
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applying  subsurface  soil  from  an  area  where  bacteria  are  found,  directly  to 
the  plate  with  a  solution  of  U(VI). 

The  oxidation  of  uranium  by  nitrate  ions  is  of  particular  concern.  The 
dissolution  of  uraninite  initially  forms  U(IV)  aqueous  species,  but  over  time 
the  nitrate  ions  will  be  reduced  and  the  uranium  will  be  oxidized.  If  too 
much  time  is  allowed  to  pass  from  the  dissolution  of  the  uraninite,  the 
uranium  ions  present  in  solution  will  be  uranyl  ions  (U022+)  and  not  uranous 
ions  (U4+).  This  process  inhibits  the  ability  to  adequately  study  the 
complexation  behavior  of  any  ligand  with  U(IV).  Another  option  to  study 
the  complexation  variations  between  the  two  primary  oxidation  states  of 
uranium  is  to  use  a  different  source.  An  experiment  using  uranium  chloride 
salts  of  U02C12  and  UC14  may  be  a  more  reliable  source  of  the  characteristic 
uranium  ions. 

Another  experiment  to  test  the  complexation  behavior  of  the  dyes 
with  aqueous  uranium  species  is  a  reduction  titration  with  the  UV/Visible 
Spectrometer.  Starting  with  a  solution  U(VI)  and  a  particular  reduction 
indicator,  slowly  titrate  Fe(II),  which  oxidizes  to  Fe(III)  and  reduces  the 
uranium  to  U(IV).  The  titrator  can  monitor  the  pH  changes  while  the 
UV/Visible  spectrometer  can  simultaneously  take  periodic  measurements  of 
the  absorbance  intensity  of  the  complexes  using  a  mobile  dip  probe.  This 
experiment  may  be  the  best  technique  to  simulate  the  color  changes  that 
would  occur  with  the  bacterial  reduction  process. 

The  last  recommendation  may  be  to  continue  the  search  for  a  better 
reduction  indicator.  Raju  and  Gautum  referred  to  another  indicator  dye, 
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Gallocyanine,  which  may  provide  a  good  color  change,  going  from  pink  to 
colorless  at  the  end  point  for  the  reduction  of  U(VI)  to  U(IV). 

5.2  Microbiological  Work  and  Uranium  Acetate 
Preparation 

The  purpose  of  Chapter  3  was  to  study  the  reduction  of  the  dissolved 
uranium  into  a  solid  precipitate  using  bacteria.  The  overall  objective  was  to 
present  an  overview  of  the  microbiological  and  chemical  processes  that  were 
used  throughout  this  investigation.  It  included  the  general  methods  used  in 
the  laboratory  for  the  uranium  acetate  preparation  and  the  culture  of  the 
bacteria  Shewanella  putrefaciens.  The  last  portion  of  Chapter  3  explained 
the  structure  of  the  precipitate  and  identified  it  as  the  mineral  uraninite 
UOz.  A  number  of  lessons  were  learned  in  this  process. 

The  first  lesson  learned  involved  the  dissolution  rate  of  U308  in  nitric 
acid.  The  literature  indicated  the  two  most  effective  ways  to  improve  the 
dissolution  rate  are  heat  and  agitation.  The  interesting  effect  involved  in  the 
dissolution  is  the  uranium  speciation  in  the  acid.  This  is  also  addressed  in 
Chapter  2.  The  mixed  oxidation  state  of  U3Og  is  dissolved  entirely  over  time 
into  the  uranyl  ion  U022+  (aq)  by  oxidizing  the  uranium  (V)  to  (VI).  In  the 
dye  experiment,  uraninite  was  also  dissolved  in  nitric  acid,  but  the  kinetics 
of  the  oxidation  of  U(IV)  in  an  argon  environment  was  slow  enough  to 
observe  a  different  complexation  behavior  than  U(VI). 

The  next  instance  of  laboratory  improvement  concerns  the  solubility 
and  over  saturation  of  the  uranium  acetate  solution.  In  both  the  non- 
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enriched  and  the  first  enriched  uranium  solutions,  fine  yellow  solid  particles 
settled  at  the  bottom  of  the  mixtures  indicating  the  over  saturation.  This 
accounted  for  a  significant  part  of  the  loss  during  the  chemical  preparation. 
The  targeted  concentration  of  the  solution  was  initially  10  mM.  The 
increase  of  pH  to  a  level  between  6.5  and  7.0  that  is  suitable  for  bacterial 
growth  made  this  uranium  concentration  too  high.  This  was  avoided  in  the 
second  experiment  with  the  enriched  uranium  by  only  raising  the 
concentration  to  slightly  over  5mM. 

The  third  point  learned  was  the  impact  that  a  small  amount  of  nitrate 
had  on  the  bacterial  reduction  of  uranium.  With  a  small  amount  of  nitrate 
ions  present,  the  bacteria  preferentially  used  these  ions  as  opposed  to  the 
uranyl  ions  as  the  electron  acceptor  in  the  metabolic  process.  The  increased 
rinses  of  the  uranium  hydroxide  in  the  creation  of  the  second  mixture  of 
enriched  uranium  acetate  forced  the  bacteria  to  reduce  the  uranium  species 
in  its  metabolic  process.  This  point  is  extremely  important  when  evaluating 
this  process  in  the  environment.  For  the  bacterial  reduction  of  uranium  to 
occur,  all  other  oxidants  found  in  the  environment  must  be  used  up  before 
the  bacteria  will  use  uranium.  This  includes  not  only  nitrate,  but  any  other 
dissolved  environmental  metals  or  ligands  capable  of  being  reduced. 

The  rinse  procedure  also  showed  the  requirement  to  maintain  very 
basic  conditions  in  the  rinse.  The  solid  volume  of  the  uranium  hydroxide 
precipitate  decreased  around  pH  8.  This  was  stopped  by  adding  a  small 
amount  of  a  basic  solution  to  bring  the  pH  up  to  a  level  that  stabilized  the 
hydroxide  solid.  The  use  of  deionized  water  to  wash  the  hydroxide  solid  may 
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be  replaced  by  rinsing  with  a  basic  solution  for  the  first  few  rinses.  The 
basic  solution  should  not  be  too  concentrated  though,  to  prevent  higher 
order  uranium  hydroxide  complexes  from  forming. 

Lastly  in  terms  of  the  crystal  identification,  the  X-Ray  diffraction 
approach  is  much  more  suitable  for  identification  than  an  elemental  analysis 
of  the  crystal  with  the  electron  microprobe.  Future  study  would  have 
included  a  solid  X-Ray  pattern  of  U02  and  U3Os  to  compare  each  against  the 
other.  The  data  in  the  report  clearly  showed  a  similarity  with  the  library 
reference  peaks  of  uraninite,  but  an  XRD  analysis  with  a  small  amount  of 
U3Os  and  U02(CH3C00)2  solid  crystals  may  form  a  better  comparison. 

5.3  Outcome  of  the  Isotopic  Fractionation  Investigation 

The  intention  of  Chapter  4  was  to  determine  whether  the  bacterial 
reduction  of  aqueous  U(VI)  species  to  solid  U(IV)  effected  the  isotopic  ratio 
of  uranium  atoms.  The  objective  of  this  chapter  was  to  determine  whether 
there  was  a  measurable  change  in  the  isotopic  ratio  of  the  supernatant  or 
precipitate  ratio  during  the  bacterial  reduction  of  uranium  by  Shewanella 
putrefaciens. 

TIMS  analyzed  ratios  of  solid  samples  by  measuring  the  ion  flux 
densities  emanating  off  of  a  heated  element.  The  uranium  atoms  that  leave 
the  filament  form  positive  ions  as  a  function  principally  of  the  ionization 
efficiency  of  the  element  of  interest  and  the  work  function  of  the  filament. 
The  ability  to  detect  an  accurate  ratio  requires  correction  of  mass  or 
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instrumental  fractionation,  which  is  the  tendency  of  the  lighter  isotopes  to 
leave  first. 

The  results  of  this  work  are  most  clearly  described  in  the  charts  of 
Appendix  4,  Annex  I.  The  isotopic  fractionation  appears  not  to  be  a  result 
of  biological  fractionation,  but  instead  on  the  load  mass  of  the  element  of 
interest  on  the  filament.  Kinetics  of  the  reduction  of  the  uranium  by  the 
bacteria  are  also  in  Chapter  4.  The  kinetics  fit  nicely  to  a  first  order  rate 
equation  with  the  following  form: 

ln[Ao]  -  ln[A]  =  kt 

A  concentration  at  time  t 

Aq  intial  concentration 

k  constant  (5.14  ±  0.47x10  ~^) 

where  k  was  experimentally  determined  to  be  5.14xl0'2.  A  few  areas  could 
be  improved  for  future  research  of  this  effect. 

The  first  instance  is  to  perform  a  more  accurate  concentration 
calculation  using  an  ICP-AES  or  other  method  after  the  final  chemistry  step 
in  the  columns.  This  would  give  a  greater  ability  to  control  the  load  sizes. 
Load  size  should  be  kept  on  the  order  of  1  pg  or  1000  ng  and  filaments 
should  be  loaded  using  the  regular  method.  In  addition,  operating  at  higher 
temperatures,  with  a  sufficient  amount  of  mass  on  the  filament  to  retain  a 
stable  flux  rate,  reduced  the  instrumental  fractionation. 

The  second  improvement  would  be  a  better  method  to  remove  the 
supernatant  from  the  precipitate.  For  this  research  specifically,  a  better 
rinse  technique  would  have  been  to  use  a  0.1  N  HC1  solution  as  opposed  to 
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MQ  H20.  Uraninite  does  not  dissolve  in  HC1  therefore  it  would  have 
remained  solid.  However,  the  HC1  would  have  been  a  stronger  desorbing 
agent  than  water  for  any  sorbed  uranium  species.  The  large  differences 
between  the  calculated  concentration  of  precipitate  solutions  in  the 
microcentrifuge  tubes  and  the  estimated  values  in  Appendix  4,  Annex  J  seem 
to  indicate  a  time  dependent  enzymatic  effect  of  the  organism  grapping  hold 
of  the  aqueous  uranium  species.  In  other  words,  the  assumption  in  this 
report  was  that  sorption  increased  with  the  dissolved  uranium  interaction 
time  with  the  living  cells. 

This  report  concludes  then  that  there  is  no  concentrated  build  up  of 
enriched  uranium  caused  by  the  enzymatic  precipitation  by  anaerobic 
bacteria  living  in  the  soil.  The  mass  difference  was  not  significant  enough  to 
cause  a  distinguishable  difference  in  the  reduction  rates  of  either  the  235U  or 
235U  isotopes. 

5.4  Final  Thoughts 

There  are  many  threats  to  public  health  including  contamination  of 
ground  water  resources.  The  study  of  the  fate  and  transport  of  uranium  at 
sites  with  significant  uranium  deposits  from  anthropogenic  sources  is 
important  to  prevent  this  kind  of  contamination.  Knowledge  of  the 
disposition  of  uranium  in  surface  and  subsurface  waters,  and  the  processes 
that  control  its  migration  have  implications  for  many  that  include  areas  with 
significant  uranium  mining,  abandoned  US  Army  ranges  with  exposed  DU 
rounds,  and  uranium  enrichment  facilities.  One  process  that  may  prevent 
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further  movement  of  uranium  or  remove  it  naturally  from  its  aqueous  phase 
is  the  reduction  of  uranium  by  bacteria.  There  still  is  no  concrete  evidence 
of  this  process  occurring  in  the  soil,  especially  the  selective  reduction  of 
uranium  as  opposed  to  other  elements.  In  the  lab,  the  presence  of  a  minor 
amount  of  nitrate  ions  prevented  the  bacteria  from  reducing  the  uranium. 
The  presence  of  other  oxidants  in  the  hypolimnion  (bottom  of  large  standing 
water  bodies)  or  ground  water  presents  challenges  to  engineering  this 
method  into  a  reliable  remediation  strategy  or  accurate  modeling  of  the 
movement  process.  However,  the  exact  role  that  bacteria  play  in  the 
environmental  processes  controlling  the  movement  of  uranium  has  yet  to  be 
determined  and  requires  further  investigation. 
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Appendix  1 


Selected  Uranium  Stability  Constants1(An  Except  Acetate) 


Major  Ligands 

C03'2  (Carbonate) 
N03'(Nitrate) 

OH'  (Hydroxide) 
CH3COO'(  Acetate) 

cr 


Major  Cations 

K+ 

H+ 

uo22+ 

u4+ 


Reactions 


1)  Carbonate 

log  K 

AG° 

C032'  +  UO/+  15  U02C03  (aq) 

9.68 

-55.24 

C032'  +  uo22+  15  uo2co3  (s) 

14.470 

-82.595 

2C032'  +  U022+  t;  U02(C03)22' 

16.940 

-96.694 

3C03*  +  U022+  15  U02(C03)34' 

21.600 

-123.294 

5C032'  +  U4+  15  UtCO^6- 

34.000 

-194.073 

2)  Nitrate 

N03-  +  UOz2+  15  uo2no3+ 

0.300 

-1.712 

2N03-  +  U4+  15  U(N03)22+ 

2.300 

-13.128 

3)  Hydroxide 

HaO(l)+  U022+  15  U020H+  +  H+ 

-5.2 

29.682 

2H20(1)+  U022+  15  U02(0H)2(aq)+  2H+ 

<-10.3 

>58.793 

2H20(1)+  U022+  15  U02(0H)2(s)+  2H+ 

-4.931 

28.148 

3H20(1)+  U022+  15  U02(0H)3'  +  3H+ 

-19.2 

109.594 

4H20(1)+  U022+  15  U02(0H)42'  +  4H+ 

-33.00 

188.365 

HaO(l)+  U4+  15  U(OH)33+  +  H+ 

-0.540 

3.082 

1  Grenthe,  I.,  Fuger,  J.,  Konings,  R.  J.  M.,  Lemire,  R.  J.,  Muller,  A.  B.,  Nguyen- 
Trung,  C.,  &  Wanner,  H.  .  Chemical  Thermodynamics  of  Uranium,  Volume  1,  (, 
Amsterdam  Elsevier  :,  1992),  51-60. 


159 


4)  Acetate2 


CH3COO-  +  U022+  s;  U02CH3C00+ 

2.631 

2CH3C00  +  uo22+  a  uo2(ch3coo)2 

4.658 

3CH3COO  +  U022+  t;  U02(CH3C00)3- 

6.244 

5)  Chlorides 

cr  +  uo22+  t?  uo2ci+ 

0.170 

-0.970 

2C1'  +  U022+  s;  U02(C1)2(s) 

-12.116 

69.157 

2C1-  +  U022+  S  U02(C1)2  (aq) 

-1.100 

6.279 

Cl-  +  U4+  uci3+ 

1.720 

-9.818 

2  Glenn  T.  Seaborg  and  Joesph  J.  Katz,  The  Actinide  F.lempnts  (New  York,  New 
York:  McGraw-Hill  Book  Company,  1954),  168. 
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Appendix  2,  Annex  A 

A-l  Bacterial  Growth  Media  Composition 
A-2  UV /Visible  Spectrometer  Instructions 
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Appendix  2,  Annex  A-l 


Bacterial  Growth  Media  Composition 


A-l 

Electron  donor: 

Acetate  (NaCH3COO),  lOmM 

Electron  acceptor: 

Nitrate  (NaN03),  lOmM 


Other  nutrients  and  buffer: 
NaHC03,  2.5g/L 
NH4C1,  1.5g/L 
NaH2PO4.H20,  0.6  g/L 
KC1,  0.5  g/L 
MgC12.6H20,  0.4  g/L 
CaC12.2H20,  0.15  g/L 
Trace  elements* 

Vitamins* 


Without  inoculation  of  the  strain. 
*(The  concentrations  are  shown  below) 


A- 2 

Electron  donor: 

Acetate  (NaCH3COO),  lOmM 

Electron  acceptor: 

Nitrate  (NaN03),  lOmM 

Other  nutrients  and  buffer: 

NaHC03,  2.5g/L 
NH4C1,  1.5g/L 
NaH2PO4.H20,  0.6  g/L 
KC1,  0.5  g/L 
MgC12.6H20,  0.4  g/L 
CaC12.2H20,  0.15  g/L 
Trace  elements* 

Vitamins* 

Without  inoculation  of  the  strain, 
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Add  extra:  uranyl  acetate  (CH3C00)2U02,  1  mM 
Acetate  (CH3C00Na),  lOmM 


B-l 

Electron  donor: 

Acetate  (NaCH3COO),  lOmM 


Electron  acceptor: 

Uranyl  Acetate,  (CH3COO)2U02,  lmM 


Other  nutrients  and  buffer: 
NaHC03,  2.5g/L 
NH4C1,  1.5g/L 
NaH2PO4.H20,  0.6  g/L 
KC1,  0.5  g/L 
MgC12.6H20,  0.4  g/L 
CaC12.2H20,  0.15  g/L 
Trace  elements* 

Vitamins* 


Without  inoculation  of  the  strain, 


B-2 

Electron  donor: 

Acetate  (NaCH3COO),  lOmM 


Electron  acceptor: 

Nitrate  (NaN03),  lOmM 

Other  nutrients  and  buffer: 
NaHC03,  2.5g/L 
NH4C1,  1.5g/L 
NaH2PO4.H20,  0.6  g/L 
KC1,  0.5  g/L 
MgC12.6H20,  0.4  g/L 
CaC12.2H20,  0.15  g/L 
Trace  elements* 

Vitamins* 

With  inoculation  of  the  strain 


B-3 

Electron  donor: 

Acetate  (NaCH3COO),  lOmM 


Electron  acceptor: 
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Fe-citrate,  about  10-20mM  (Supernatant  of  a  50mM  Fe-citrate 
solution  which  is  not  completely  dissolved  at  room  temperature) 
Uranyl  Acetate,  (CH3C00)2U02,  IraM 

Other  nutrients  and  buffer: 

NaHC03,  2.5g/L 
NH4C1,  1.5g/L 
NaH2PO4.H20,  0.6  g/L 
KC1,  0.5  g/L 
MgC12.6H20,  0.4  g/L 
CaC12.2H20,  0.15  g/L 
Trace  elements* 

Vitamins* 

With  inoculation  of  the  strain 


*  The  amount  of  trace  elements  in  the  medium: 

cone.  HC1  (37%),  .001ml/L 
MnC12.4H20,  010  mg/L 
CoC12.6H20,  0.12  mg/L 
ZnC12,  0.07  mg/L 
H3B03,  0.06  mg/L 
NiC12.6H20,  0.025  mg/L 
CuC12.2H20,  0.015  mg/L 
Na2MoO4.2H20,  0.025  mg/L 
FeC12.H20,  1.1  mg/L 


*  The  amount  of  vitamins  in  the  medium: 

P-aminobenzonic  acid,  0.05  mg/L 
Biotin,  0.02  mg/L 

Nicotinic  acid,  0.05  mg/L 
Thiamine  HC1,  0.05  mg/L 
Pyridoxin  HC1  (B6),  0.1  mg/L 
Cyano  cobalamin  (B12),  0.001  mg/L 
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Appendix  2,  Annex  A-2 

Spectrometer  Instructions 

1.  Turn  on  the  computer 

2.  Turn  on  the  power  for  the  light  source  on  rear  of  device. 

3.  Click  Windows  Start  button. 

4.  Click  on  Spectrometer.  The  latest  software  version  loads. 

5.  Click  on  run  continuously  (*><?)  button.  A  blue  line  should  appear  roughly  equal 
to  zero 

6.  Select  either  the  master  or  slave  spectrometer  by  clicking  on  the  marked  toggle 
switch.  The  master  is  good  for  wavelengths  between  200nm  and  800nm.  The  slave 
is  good  for  wavelengths  between  500nm  and  llOOnm. 

7.  Place  probe  in  deionized  (DI)  water  or  place  cuvette  with  DI  in  the  sample 
holder  to  read  the  reference  scans. 

8.  Click  on  the  scan  dark  button.  Let  it  wait  about  five  seconds  to  collect  a  good 
dark  spectra,  then  click  on  the  button  again. 

9.  Turn  on  the  halogen  lamp  (the  red  button). 

10.  Adjust  he  integration  frequency  until  a  flat  line  forms.  Then  lower  the 
integration  frequency  until  just  below  the  flat  line.  The  intent  in  this  step  is  to 
establish  the  largest  spectrum  possible  with  the  least  amount  of  integration 
frequencies.  A  simultaneous  approach  is  to  adjust  the  optics.  This  requires  you  to 
loosen  the  screw  on  the  optic  return  line  in  an  attempt  to  maximize  the  spectrum. 
Then  determine  the  integration  frequency  value  as  previously  described.  A 
spectrum  of  4000  is  usually  the  best  attainable  value  before  saturation. 

11.  Adjusting  the  boxcar  smoothing  averages  neighboring  pixels  together  to  form  a 
smoother  curve.  The  average  button  average  consecutive  scans  to  limit  erratic 
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jumps.  A  value  of  5,5  is  usually  good;  where  as  a  value  of  one  gets  lots  of  noise  and 
huge  files. 

12.  Click  the  absorbance  button  on  the  screen.  The  screen  drastically  changes  to 
show  what  appears  to  be  the  top  half  of  a  horizontal  parabola.  You  are  now  reading 
absorbance.  DO  NOT  CLICK  ON  THE  ABSORBANCE  BUTTON  AGAIN, 
OTHERWISE  A  NEW  REFERENCE  SCAN  (steps  7-12)  WILL  HAVE  TO  BE 
REPEATED. 

13.  Place  the  probe  into  the  sample  or  cuvette  with  sample  into  the  cell  holder. 

14.  IMPORTANT:  Set  the  beginning  and  ending  wavelength.  The  graph  on  the 
right  shows  exactly  what  you  will  be  saving. 

15.  Type  in  the  name  you  wish  to  save. 

16.  Click  on  the  append  button  to  save  the  existing  file.  This  places  all  of  the  scans 
in  the  file  name  and  prevents  overwriting  the  data. 

17.  Click  on  the  instant  save  to  create  a  snapshot  of  the  spectrum. 

18.  For  time  delay  saving,  first,  make  sure  the  append  feature  is  on.  Then  click  on 
the  instant  save  to  save  an  initial  scan.  Next,  click  on  the  number  box  labeled  time 
delay.  Type  the  delay  in  SECONDS.  Do  not  click  or  press  enter  after  typing  the 
last  number.  When  you  are  ready  to  begin,  click  on  the  time  delay  save  button. 

The  scans  will  start  after  the  period  specified.  Then  it  will  scan  at  every  multiple 
after  that.  The  computer  stamps  the  time  with  seconds  on  each  saved  spectrum. 

19.  The  automatic  shutdown  is  useful  for  time  delay  spectroscopy.  After  pressing 
the  time  delay  button,  look  at  the  number  in  the  scans  taken  box.  Type  in  this 
number  plus  the  number  of  scans  taken  into  the  maximum  number  of  scans  box. 

For  example,  if  the  number  of  scans  reads  147  and  you  wish  to  take  50  scans,  then 
type  197  in  the  maximum  number  of  scans  box.  Then  press  the  button  marked  auto 
shutdown. 
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20.  If  the  spectrometer  programming  does  not  seem  to  work  for  any  reason,  stop 
the  spectrometer  by  clicking  on  the  red  octagon  button  at  the  top  of  the  screen. 
Then  click  on  the  file,  then  click  on  revert.  Answer  yes  to  any  questions.  If  that 
does  not  seem  to  work,  click  on  the  file  open.  Next,  click  on  backup.vi.  This  is  a 
working  backup  copy  of  the  spectrometer  software. 
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Appendix  2,  Annex  B 


Arsenazo(III)  Spectra  Results 


B-l  Arsenazo(III)  Experiment  One 

B-l-l  Uranium  Standards  in  pH2  Buffer 

B-l-2  Samples  in  pH2  Buffer 

B-l-3  Standard  and  Samples  in  pH2  Buffer 

B-2  Arsenazo(III)  Experiment  Two  (4N  HN03) 

B-2-1  Uranium  Standards  in  4N  HN03 

B-2-2  Samples  in  4N  HN03 

B-2-3  Standard  and  Samples  in  4N  HN03 

B-3  Arsenazo(III)  Experiment  Two  (pH2  Buffer) 

B-3-1  Uranium  Standards  in  pH2  Buffer 

B-3-2  Samples  in  pH2  Buffer 

B-3-3  Standard  and  Samples  in  pH2  Buffer 
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Arsenazo  Experiment  One 
Uranium  Standards  in  pH2  Buffer 


Arsenazo  Experiment  One 
Samples  in  pH2  Buffer  (Normalized) 


Wavelength  (nm) 


Arsenazo  Experiment  One 
Standards  and  Samples  in  pH2  Buffer  (Normalized) 


390  440  490  540  590  640 

Wavelength  (nm) 


Arsenazo  Experiment  Two 
Uranium  Standards  in  4M  HCI  (Normalized) 


390  440  490  540  590  640 

Wavelength 


Arsenazo  Experiment  Two 
Samples  in  4M  HCI  (Normalized) 


Arsenazo  Experiment  in  4N  HCI  (Normalized) 


390  440  490  540  590  640 

Wavelength 


Arsenazo  Experiment  Two 
Uranium  Standards  in  pH2  Buffer 
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Appendix  2,  Annex  C 


Color  Photos  Comparing  the  Visual  Change  of  the 
Oxazine  Dyes  with  U(VI) 


Annex  C-l  Gallomine  Triethoiodide 
Annex  C-2  Celestine  Blue 
Annex  C-3  Brilliant  Cresyl  Blue 
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Appendix  2,  Annex  C-l  Gallomine  Triethoiodide 


Figure  1  Gallomine  Triethoiodide  with  TJ(VI) 


Appendix  2,  Annex  C-2  Celestine  Blue 


Figure  3  Celestine  Blue  with  U(VI) 


Figure  4  Celestine  Blue  without  U(VI) 


Appendix  2,  Annex  D 

Brilliant  Cresyl  Blue  Spectra  Results  with  U(VI) 

D-l  BCB  total  without  U(VI) 

D-2  BCB  total  with  U(VI) 

D-3  BCB  Complexation  with  U(VI)  at  pH7 
D-4  BCB  Complexation  with  U(VI)  at  pH5 
D-5  BCB  Complexation  with  U(VI)  at  pH3 
D-6  BCB  Complexation  with  U(VI)  at  pH2 
D-7  BCB  Complexation  with  U(VI)  at  pHl 
D-8  BCB  Complexation  with  U(VI)  at  IN  HN03 
D-9  BCB  Complexation  with  U(VI)  at  2N  HNOs 
D-10  BCB  Complexation  with  U(VI)  at  4N  HNOs 
D-ll  BCB  Complexation  with  U(VI)  at  6N  HN03 
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BCB  without  U(VI)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 


aoueqjosqv 


BCB  with  U(VI)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 


Wavelength  (nm) 


BCB  Complexion  with  U(VI)  Metal  Aqueous  Species  in  pH7  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  Complexion  with  U(VI)  Metal  Aqueous  Species  in  pH5  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  Complexion  with  U(VI)  Metal  Aqueous  Species  in  pH3  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 


BCB  Complexion  with  U(VI)  Metal  Aqueous  Species  in  pH2  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  Complexion  with  U(VI)  Metal  Aqueous  Species  in  1M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  Complexion  with  U(VI)  Metal  Aqueous  Species  in  2M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  Complexion  with  U(VI)  Metal  Aqueous  Species  in  4M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 
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Appendix  2,  Annex  E 

Celestine  Blue  Spectra  Results  with  U(VI) 

E-l  CB  total  without  U( VI) 

E-2  CB  total  with  U(VI) 

E-3  CB  Complexation  with  U(VI)  at  pH7 
E-4  CB  Complexation  with  U(VI)  at  pH5 
E-5  CB  Complexation  with  U(VI)  at  pH3 
E-6  CB  Complexation  with  U(VI)  at  pH2 
E-7  CB  Complexation  with  U(VI)  at  pHl 
E-8  CB  Complexation  with  U(VI)  at  IN  HN03 
E-9  CB  Complexation  with  U(VI)  at  2N  HN03 
E-10  CB  Complexation  with  U(VI)  at  4N  HN03 
E-ll  CB  Complexation  with  U(VI)  at  6N  HNOs 
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CB  without  U  (VI)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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CB  Complexion  with  U  (VI)  Metal  Aqueous  Species  in  4M  HN03 
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Appendix  2,  Annex  F 

Gallomine  Triethoiodide  Spectra  Results  with 

U(VI) 

F-l  GT  total  without  U(VI) 

F-2  GT  total  with  U(VI) 

F-3  GT  Complexation  with  U(VI)  at  pH7 
F-4  GT  Complexation  with  U(VI)  at  pH5 
F-5  GT  Complexation  with  U(VI)  at  pH3 
F-6  GT  Complexation  with  U(VI)  at  pH2 
F-7  GT  Complexation  with  U(VI)  at  pHl 
F-8  GT  Complexation  with  U(VI)  at  IN  HN03 
F-9  GT  Complexation  with  U(VI)  at  2N  HN03 
F-10  GT  Complexation  with  U( VI)  at  4N  HN03 
F-ll  GT  Complexation  with  U(VI)  at  6N  HNQ3 
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Gallamine  Triethiodide  without  U(VI)  Metal  Aqueous  Species 
(Normalized  and  Uncorrected  for  Background) 
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(Normalized  and  Uncorrected  for  Background) 
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GT  Complexation  with  U(VI)  Metal  Aqueous  Species  in  pH3  Buffer 
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(Normalized  and  Uncorrected  for  Background) 
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(Normalized  and  Uncorrected  for  Background) 
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Appendix  2,  Annex  G 


G-l  Database  from  ICP-AES  Data  on  Concentration  of  C45 
G-2  Calibration  for  Uranium  Standards  used  to  determine  the  concentration 
of  Uranium  in  C45 
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Appendix  2,  Annex  H 

Brilliant  Cresyl  Blue  Spectra  Results  with  U(IV) 


H-l  BCB  total  with  U(IV) 

H-2  BCB  total  without  U(IV) 

H-3  BCB  Complexation  with  U(IV)  at  pH7 
H-4  BCB  Complexation  with  U(IV)  at  pH3 
H-5  BCB  Complexation  with  U(IV)  at  pHl 
H-6  BCB  Complexation  with  U(IV)  at  IN  HN03 
H-7  BCB  Complexation  with  U(IV)  at  4N  HN03 
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BCB  with  U  (IV)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  pHI  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 


390  440  490  540  590  640  690 

Wavelength  (nm) 


BCB  Complexation  with  U  (IV)  Metai  Aqueous  Species  in  1  M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 
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Appendix  2,  Annex  I 

Celestine  Blue  Spectra  Results  with  U(IV) 

I-l  CB  total  with  U(IV) 

1-2  CB  total  without  U(IV) 

1-3  CB  Complexation  with  U(IV)  at  pH7 
1-4  CB  Complexation  with  U(IV)  at  pH3 
1-5  CB  Complexation  with  U(IV)  at  pHl 
1-6  CB  Complexation  with  U(IV)  at  IN  HN03 
1-7  CB  Complexation  with  U(IV)  at  4N  HNOs 
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CB  with  U  (IV)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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CB  without  U  (IV)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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CB  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  pH7  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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CB  Complexation  with  U  (IV)  Metai  Aqueous  Species  in  pH3  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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CB  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  pHI  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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CB  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  1  M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 
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CB  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  4M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 


Wavelength  (nm) 


Appendix  2,  Anne  J 

Gallomine  Triethoiodide  Spectra  Results  with  U(IV) 

J-l  GT  total  with  U(IV) 

J-2  GT  total  without  U(IV) 

J-3  GT  Complexation  with  U(IV)  at  pH7 
J-4  GT  Complexation  with  U(IV)  at  pH3 
J-5  GT  Complexation  with  U(IV)  at  pHl 
J-6  GT  Complexation  with  U(IV)  at  IN  HN03 
J-7  GT  Complexation  with  U(IV)  at  4N  HN03 
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GT  with  U  (IV)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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GT  without  U  (IV)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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GT  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  pH7  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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GT  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  pHI  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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GT  Complexation  with  U  (IV)  Metal  Aqueous  Species  in  4  N  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 
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Appendix  2,  Annex  K 

Brilliant  Cresyl  Blue  Spectra  Comparison  of  U  (VI) 
and  U(IV) 

K-l  BCB  total  with  U(VI)  and  U(IV) 

K-2  BCB  Complexation  with  U(VI)  and  U(IV)  at  pH7 
K-3  BCB  Complexation  with  U(VI)  and  U(IV)  at  pH3 
K-4  BCB  Complexation  with  U(VI)  and  U(IV)  at  pHl 
K-5  BCB  Complexation  with  U(VI)  and  U(IV)  at  IN  HN03 
K-6  BCB  Complexation  with  U(VI)  and  U(IV)  at  4N  HN03 
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BCB  with  U(IV)  and  U(VI)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  with  U(IV)  and  U(VI)  Metal  Aqueous  Species  in  pH7  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  with  U(IV)  and  U(VI)  Metal  Aqueous  Species  in  pH3  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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BCB  with  U(IV)  and  U(VI)  Metal  Aqueous  Species  in  pHI  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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(Normalized  Values  and  Uncorrected  for  Background) 
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(Normalized  Values  and  Uncorrected  for  Background) 
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Appendix  2,  Annex  L 


Celestine  Blue  Spectra  Comparison  of  U(VI)  and 
U(IV) 


L-l  CB  total  with  U(VI)  and  U(IV) 

L-2  CB  Complexation  with  U(VI)  and  U(IV)  at  pH7 
L-3  CB  Complexation  with  U(VI)  and  U(IV)  at  pH3 
L-4  CB  Complexation  with  U(VI)  and  U(IV)  at  pHl 
L-5  CB  Complexation  with  U(VI)  and  U(IV)  at  IN  HN03 
L-6  CB  Complexation  with  U(VI)  and  U(IV)  at  4N  HNQ3 
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CB  with  U  (Vi)  and  U(IV)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Background) 
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Metal  Aqueous  Species  in  pH7  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 


390  440  490  540  590  640 

Wavelength  (nm) 


CB  with  U  (IV)  and  U  (VI) 

Metal  Aqueous  Species  in  pH3  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 


Wavelength  (nm) 


CB  with  U  (IV)  and  U  (VI) 

Metal  Aqueous  Species  in  pHI  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 


440  490  540  590  640  690 

Wavelength  (nm) 


CB  with  U  (IV)  and  U  (VI) 

Metal  Aqueous  Species  in  1M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 


Wavelength  (nm) 


CB  with  U  (IV)  and  U  (VI) 

Metal  Aqueous  Species  in  4M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 
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Appendix  2,  Annex  M 

Gallomine  Triethoiodide  Spectra  Comparison  of 
U(VI)  and  U(IV) 

M-l  GT  total  with  U(VI)  and  U(IV) 

M-2  GT  Complexation  with  U(VI)  and  U(IV)  at  pH7 
M-3  GT  Complexation  with  U(VI)  and  U(IV)  at  pH3 
M-4  GT  Complexation  with  U(VI)  and  TJ(IV)  at  pHl 
M-5  GT  Complexation  with  U(VI)  and  U(IV)  at  IN  HN03 
M-6  GT  Complexation  with  U(VI)  and  U(IV)  at  4N  HN03 
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GT  with  U(IV)  and  U(VI)  Metal  Aqueous  Species 
(Normalized  Values  and  Uncorrected  for  Backgrou 


390  440  490  540  590  640 

Wavelength  (nm) 


GT  with  U(1V)  and  U(VI)  Metal  Aqueous  Species  in  pH7  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 


Wavelength  (nm) 


GT  with  U(IV)  and  U(VI)  Metal  Aqueous  Species  in  pH3  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 


390  440  490  540  590  640  690 

Wavelength  (nm) 


GT  with  U(IV)  and  U(VI)  Metal  Aqueous  Species  in  pHI  Buffer 
(Normalized  Values  and  Uncorrected  for  Background) 
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440  490  540  590  640  690  740  790 

Wavelength  (nm) 


GT  with  U(IV)  and  U(V1)  Metal  Aqueous  Species  in  4M  HN03 
(Normalized  Values  and  Uncorrected  for  Background) 


540  590 

Wavelength  (nm) 
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New  Brunswick  Laboratory 

Certified  Reference  Material  Certificate  of  Analysis 
CRM  U500 

Uranium  Isotopic  Standard 


234U 

235-y 

236-jj 

238-y 

Atom  Percent 

0.5181 

49.696 

0.0755 

49.711 

±0.0008 

±0.050 

±0.0003 

±0.050 

Weight  Percent 

0.5126 

49.383 

0.0754 

50.029 

The  uncertainties  for  the  isotopic  composition  are  95%  confidence 
interval  for  a  single  determination. 


July  5,  1994 
Argonne,  Illinois 

(Revision  of  NBL  Certificate  Dated  October  1,  1987) 

Carleton  D.  Bingham 
Director 
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Appendix  3,  Annex  B 

ICP-AES  Operating  Instructions 

1.  Check  to  make  sure  that  the  exhaust  system  is  on.  The  two  circuit 
breaker  power  system  switches  are  against  the  wall  on  collocated  with  the 
ICP-AES.  They  are  usually  never  turned  off. 

2.  Check  coolant  level.  Remove  reservoir  cap  and  stick  finger  in  reservoir  to 
ensure  that  it  is  full. 

3.  Check  the  Argon  tank.  Open  tank  valve  all  the  way  and  then  back  off  a 
quarter  turn.  The  gauge  leading  into  the  ICP-AES  should  read  between 
700-800  psi.  The  main  argon  tank  pressure  starts  at  1400  psi.  The  ICP- 
AES  burns  approximately  500-600  psi  an  hour.  When  the  tank  reads  less 
than  500  psi,  the  system  should  be  shutdown  and  the  tank  replaced. 

4.  Turn  the  water  cooling  system  ON.  This  is  located  in  the  right  corner  of 
the  room  (box  on  the  floor).  The  temperature  is  set  between  20°C  and 
the  re-circulation  pump  pressure  is  78  psi. 

5.  Tighten  the  sampling  tube.  Stretches  around  the  rotating  circle.  Work 
inside  to  outside  and  bootom  to  top.  Once  plastic  fins  on  the  tube  are 
firmly  in  place,  lock  the  tubing  bracket  down. 

6.  Check  coolant  flow  rate.  Open  door  to  the  torch  and  nebulizer  assembly. 
(See  photo  in  Chapter  3).  The  error  light  on  the  outside  control  switches 
flashes.  Press  the’+’  button.  Watch  the  upper  right  bubble  meter  labeled 
coolant.  Then  press  Stop. 
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7.  Check  nebulizer  press  and  watch  the  bubble  meter.  The  bubble  shoots 
up  and  drops  down  and  stabilizes. 

8.  Check  the  water  level  in  the  Argon  Humidifier.  Ensure  that  the  water 
level  is  around  one  third  full.  If  not,  undo  the  cap  and  pour  in  water. 

The  ICP  runs  a  closed  argon  system.  If  undid  cap,  need  to  flush  the 
system.  Anytime  there  is  a  break  in  the  line,  the  system  needs  to  be 
flushed  (Change  gas  cylinders,  etc) 

9.  Check  torch  position  and  cleanliness  of  the  quartz  tube.  Undo  the 
protective  plate  with  a  phillips  screwdriver.  Look  to  make  sure  the 
bottom  coil  is  above  the  inner  part  of  the  torch  1-2  mm  and  ensure  the 
coil  and  torch  are  not  touching.  Put  the  protective  plate  and  close  the 
door. 

10.  Press  Start  on  control  panel.  Now  have  to  be  very  careful.  Firing  up  the 
torch.  When  it  starts,  there  are  only  a  few  seconds  to  look  for  a  good 
burn.  If  other  than  a  good  burn,  press  stop  There  is  a  60  second 
countdown:  at  25-30  seconds  and  10  second  there  is  an  audible  click.  At 

0  seconds,  there  is  an  audible  pop. 

11.  Press  Pump  on  the  control  panel.  Make  sure  orange  sample  line  is  in 
deionized  water.  Let  the  system  run  for  15  minutes  with  deionized  water. 

12.  Log  on  to  the  software  program. 

13.  Go  to  the  operations  menu.  Instrument  Generator  Parameters.  May 
change  the  pump  step.  Normally  pump  2  for  fast  flush  and  1  for  samples. 

14.  Under  method  menu,  select  measure,  quantitative,  and  the  method 
Uranium  (or  other  method  for  another  analysis). 
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15.  Output  Format  (Data  file  format)  and  Measurement  Parameters  (number 
of  measurements,  type  of  average,  counting  time  factor,  background 
correction)  may  be  adjusted. 

16.  Switch  the  waste  tanks  just  prior  to  placing  in  the  samples. 

IT.  Reprofile  the  optics.  Looking  for  the  characteristic  wavelength  of  the 
element  to  analyze.  Converts  steps  to  energy  values. 

18.  Type  F3,  type  name  of  the  measurement,  switch  tube,  and  then  return 

19.  After  the  analysis  (2-3  minutes),  press  F9  to  print  the  results. 
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Appendix  3,  Annex  C 

Detailed  Media  Contents  for  Cultivating  Shewanella 
Putrefaciens 

1)  Vitamin  Solution,  lOOOx  (per  liter  medium  added) 

a)  P-aminobenzonic  acid 

b)  Biotin,  0.02  mg 

c)  Nicotinic  acid,  0.05  mg 

d)  Ca-pantothenate,  0.05  mg 

e)  Thiamine  HC1,  0.05mg 

f)  Pyridoein  HC1  (B),  0.1  mg 

g)  Cyano  cobalamin  (B12),  0.001  mg 

2)  Basal  Solution,  Stock  Solution,  lOx  1000ml  (per  liter  medium  added) 

a)  KH2P04,  0.2  g 

b)  NH4C1,  0.25  g 

c)  NaCL,  1.0  g 

d)  MgCl2  6H20,  0.4  g 

e)  KC1,  0.5  g 

3)  CaCl2‘2H20  solution,  lOOOx  100ml  per  L  medium  0.15  g 

4)  Trace  Element  Solution,  lOOOx  100ml  (per  liter  of  medium) 

a)  Cone  HC1,  0.001  ml 

b)  MnCl24H20,  0.10  mg 

c)  CoCl2'6H20,  0.12  mg 

d)  ZnCl2,  0.07  mg 
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e)  H3BO3,  0.06  mg 

f)  NiCl26H20,  0.025  mg 

g)  CuC12'2H20,  0.015  mg 

h)  Na2MoO4  2H20,  0.025  mg 

i)  FeCl24H20,  1.5  mg 
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Appendix  3,  Annex  D 

X-Ray  Diffraction  Graphs 


D-l  Raw  Data  Background  Spectra. 

D-2  Raw  Data  of  Bacterial  Precipitate. 

D-3  Raw  Data  of  both  D-l  and  D2  superimposed  on  each  other. 

D-4  Raw  Data  with  uraninite  reference  peak  locations. 

D-5  Background  and  Ka2  subtracted  spectra  with: 

-1  Uraninite  peaks. 

-2  20  Values. 

D-6  Peak  Analysis  for  Bacterial  Precipitate  with  Jade  Software  program. 
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ID:  SI  ZERO  BACKGROUND  HOLDER  W  /  COLODION.  20- AUG-990 14:  22 
File;  fJ4544VRAM  Scan:  20-907,02/  1.5/ #3501,  Anode:  CU 
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SI undo 


2-Theta 


ID:  LEWIS  U02?.  19-AUG-99@i4:  16 

File:  mmm+wm,  mm  20-go/. 02/  1.5/13501.  Anode:  CO 
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s^unoo 


2-TMeta 


EWI5U02?,  I9’-AUG-99@14:  16 

Z 14535. RAW  Scare  Sd~9S/.03/  1.5/ #3501,  Anode:  €U 
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son  -  o-s^iutuejn  sm-f*-  <i 


IS  UEJ2?,  19-AUG^99@i4:  16 

14535. BIN  Scan:  20-90/ .02/  1 .5/ #3501.  Anode*.  CU 
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Uran  in  tte-C  .-  .002 


ID:  LEWIS  U02?v  l9~ALIG~99@i4:  IB 
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1  i  I  I  1  I  I  I  CVJ 

in  o  in  ;®  in  o  in  o 

f»i  rn  cu  ru 


s^unoo 


1>  41-1422:  Uraninite-c  -  U02 
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***  List  of  Integrated  Peaks  from  Peak  Edit  *** 


Centroid 

2T  6  d 

L&R- 

2Theta 

IiJSR-Bkgrd 

Peak 

Area 

FWHM 

Size* 

28.574 

3.1215 

26.049 

30. 370 

2  2 

27 

45 

1*513 

5*4 

32.992 

2.7129 

30.947 

35,700 

2  2 

10 

14 

1*301 

6.4 

46.832 

1.9383 

42.901 

50. 391 

2  2 

14 

43 

2,782 

3.1 

*  Estimated  crystallite  size(nm) . 
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Anion  Exchange  Resin  Behavior  for  AG1-X8  Cl"  Form 
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Appendix  4,  Annex  B 


Order  in  the  Carousel 


Supernatant  Carousel 


1  SOS 

2  S4S 

3  S8S 

4  S24S 

5  S95S 

6  COS 

7  C4S 

8  C8S 

9  C24S 

10  C95S 

11  BLANK  11 

12  BLANK  12 

13  BLANK  13 

14  BLANK  14 

15  BLANK  15 


Precipitate  Carousel 

1  SOP 

2  S4P 

3  S8P 

4  EMPTY 

5  S24P 

6  S95P 

7  COP 

8  C4P 

9  C8P 

10  C24P 

11  C95P 

12  EMPTY 

13  EMPTY 

14  EMPTY 

15  EMPTY 
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Appendix  4,  Annex  C 


Column  Chemistry  Log 


Supernatant  Columns 


Pre-  Clean  reservoir 

500  pL 

6  N  HC1 

1206 

1  Feb  00 

Clean 

500  pL 

0.1  N  HC1 

1446 

1  Feb  00 

1537 

1  Feb  00 

1645 

1  Feb  00 

0730 

2  Feb  00 

0926 

2  Feb  00 

1005 

2  Feb  00 

1144 

2  Feb  00 

1230 

2  Feb  00 

1330 

2  Feb  00 

Equilibrate 

200  pL 

3  N  HC1 

1417 

2  Feb  00 

Load  Sample 

150  pL 

3  N  HC1 

1517 

2  Feb  00 

Wash  One  Drop~30  pL 

30  pL 

3  N  HC1 

1546 

2  Feb  00 

1603 

2  Feb  00 

1614 

2  Feb  00 

Wash 

200  pL 

3  N  HC1 

1629 

2  Feb  00 

Wash 

200  pL 

6  N  HC1 

1647 

2  Feb  00 

Elute  U 

250  pL 

0.1  N  HC1 

1740 

2  Feb  00 

Precipitate  Columns 

Pre-Clean  reservoir 

500  pL 

6  N  HC1 

1022 

3  Feb  00 

Clean 

500  pL 

0.1  N  HC1 

1327 

3  Feb  00 

1418 

3  Feb  00 

1500 

3  Feb  00 

1610 

3  Feb  00 

1700 

3  Feb  00 

0752 

4  Feb  00 

Equilibrate 

200  pL 

3  N  HC1 

0853 

4  Feb  00 

Load  Sample 

150  pL 

3  N  HC1 

0947 

4  Feb  00 
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Wash  One  Drop-30  pL 

30  pL 

3  N  HC1 

1006 

4  Feb  00 

1016 

4  Feb  00 

1032 

4  Feb  00 

Wash 

200  pL 

3  N  HC1 

1041 

4  Feb  00 

Wash 

200  pL 

6  N  HC1 

1130 

4  Feb  00 

Elute  U 

250  pL 

0.1  N  HC1 

1223 

4  Feb  00 
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Appendix  4,  Annex  D 


TIMS  Turret  Loading 
Turret  1  15  Feb  00 

Bead  Name 

1  1  fxL  U500,  1  (xL  0.1  M  H3P04,  1  jxL  Carbon 

2  l|iL  U500,  1  jxL  Carbon 

3  1  jxL  U500,  1  (xL  Carbon 

4  1  |xL  U500,  3  \xL  Carbon 

5  1  |xL  U500,  3  |xL  Carbon 

6  3  fxL  U500,  1  |uL  0.1  M  H3P04,  1  |xL  Carbon 

7  3  nL  U500,  1  Carbon 

8  3  |xL  U500,  1  |xL  Carbon 

9  3  U500,  3  |xL  Carbon 

10  3  jxL  U500,  3  fxL  Carbon 

11  U  Blank  11 

12  U  Blank  12 

13  U  Blank  13 

14  U  Blank  14 

15  U  Blank  15 

16  1  jxL  COS,  3  |xL  Carbon 

17  1  fxL  C4S,  3  |xL  Carbon 

18  1  C8S,  3  fxL  Carbon 

19  1  juL  C24S,  3  p.L  Carbon 

20  1  C95S,  3  ^L  Carbon 


Turret  2  17  Feb  00 

Bead  Name 

1  3  pL  U500,  1  pL  1.0  M  H3P04,  Graphite  Sandwich 

2  3  pL  U500,  1  pL  1.0  M  H3P04,  Graphite  Sandwich 

3  3  pL  U500,  1  pL  1.0  M  H3P04,  Graphite  Sandwich  without  top  layer 

4  3  pL  U500,  1  pL  1.0  M  H3P04,  Graphite  Sandwich  without  top  layer 

5  3  pL  U500,  1  pL  0.1  M  H3P04,  Graphite  Sandwich 

6  3  pL  U500,  1  pL  0.1  M  H3P04,  Graphite  Sandwich 

7  3  pL  U500,  1  pL  0.1  M  H3P04,  Graphite  Sandwich 

8  Unrelated  Experiment  Sample 

9  Unrelated  Experiment  Sample 

10  Unrelated  Experiment  Sample 
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11  Unrelated  Experiment  Sample 

12  Unrelated  Experiment  Sample 

13  Unrelated  Experiment  Sample 

14  Unrelated  Experiment  Sample 

15  Unrelated  Experiment  Sample 

16  Unrelated  Experiment  Sample 

17  Unrelated  Experiment  Sample 

18  Unrelated  Experiment  Sample 

19  Unrelated  Experiment  Sample 

20  Unrelated  Experiment  Sample 


Turret  3  18  Feb  00 


Bead 

Name 

1 

SOS-1 

2 

S4S-1 

3 

S8S-1 

4 

S24S-1 

5 

S95S-1 

6 

COS-2 

7 

C4S-2 

8 

S24P-1 

9 

S95P-1 

10 

S8P-1 

11  Unrelated  Experiment  Sample 

12  Unrelated  Experiment  Sample 

13  Unrelated  Experiment  Sample 

14  Unrelated  Experiment  Sample 

15  Unrelated  Experiment  Sample 

16  Unrelated  Experiment  Sample 

17  Unrelated  Experiment  Sample 

18  Unrelated  Experiment  Sample 

19  Unrelated  Experiment  Sample 

20  Unrelated  Experiment  Sample 


Turret  4  19  Feb  00 

Bead  Name 

1  Unrelated  Experiment  Sample 

2  Unrelated  Experiment  Sample 

3  Unrelated  Experiment  Sample 

4  S24S-1 

5  S95S-1 

6  COS-1 
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7  S24P-1 

8  S95P-1 

9  S8P-1 

10  Unrelated  Experiment  Sample 

11  Unrelated  Experiment  Sample 

12  Unrelated  Experiment  Sample 

13  Unrelated  Experiment  Sample 

14  Unrelated  Experiment  Sample 

15  Unrelated  Experiment  Sample 

16  Unrelated  Experiment  Sample 

17  Unrelated  Experiment  Sample 

18  Unrelated  Experiment  Sample 

19  Unrelated  Experiment  Sample 

20  Unrelated  Experiment  Sample 


Turret  5  21  Feb  00 

Bead  Name 

1  S4S-2 

2  S8S-2 

3  S24S-2 

4  S95S-2 

5  Unrelated  Experiment  Sample 

6  Unrelated  Experiment  Sample 

7  Unrelated  Experiment  Sample 

8  Unrelated  Experiment  Sample 

9  Unrelated  Experiment  Sample 

10  Unrelated  Experiment  Sample 

11  Unrelated  Experiment  Sample 

12  Unrelated  Experiment  Sample 

13  Unrelated  Experiment  Sample 

14  Unrelated  Experiment  Sample 

15  Unrelated  Experiment  Sample 

16  Unrelated  Experiment  Sample 

17  Unrelated  Experiment  Sample 

18  Unrelated  Experiment  Sample 

19  Unrelated  Experiment  Sample 

20  Unrelated  Experiment  Sample 

Turret  6  13  Mar  00 

Bead  Name 

1  Unrelated  Experiment  Sample 

2  Unrelated  Experiment  Sample 

3  Unrelated  Experiment  Sample 

4  Unrelated  Experiment  Sample 
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5  Unrelated  Experiment  Sample 

6  Unrelated  Experiment  Sample 

7  Unrelated  Experiment  Sample 

8  Unrelated  Experiment  Sample 

9  S4P-2 

10  S8P-2 

11  S24P-2 

12  S95P-2 

13  S4P-3 

14  Unrelated  Experiment  Sample 

15  Unrelated  Experiment  Sample 

16  Unrelated  Experiment  Sample 

17  Unrelated  Experiment  Sample 

18  Unrelated  Experiment  Sample 

19  Unrelated  Experiment  Sample 

20  Unrelated  Experiment  Sample 
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Appendix  4,  Annex  E 

TIMS  Results  of  AO 

E-l  Raw  Database 

E-2  Chart  of  Isotopic  Ratios  for  AO  as  a  function  of  time 

E-3  Chart  of  Isotopic  Ratios  for  AO  as  a  function  of  temperature 
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TIMS  Results  of  Turret  One 

F-l  Raw  Database 
F-2  Charts 

-1  Chart  of  Isotopic  Ratios  for  Supernatants  of  Control  Samples 

-2  Chart  of  Isotopic  Ratios  Comparing  Load  Size 

-3  Chart  of  Isotopic  Ratios  for  Bead  One 

-4  Chart  of  Isotopic  Ratios  for  Bead  Two 

-5  Chart  of  Isotopic  Ratios  for  Bead  Three 

-6  Chart  of  Isotopic  Ratios  for  Bead  Four 

-7  Chart  of  Isotopic  Ratios  for  Bead  Five 

-8  Chart  of  Isotopic  Ratios  for  Bead  Six 

-9  Chart  of  Isotopic  Ratios  for  Bead  Nine  A  and  B 

-10  Chart  of  Isotopic  Ratios  for  Bead  Nine  Z 

-11  Chart  of  Isotopic  Ratios  for  Bead  Ten  A  and  B 

-12  Chart  of  Isotopic  Ratios  for  Bead  Ten  Z 
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-18  Chart  of  Isotopic  Ratios  for  sandwich  and  regular  loaded  S95 
test  sample  supernatants  and  precipitates  as  a  function  of 
temperature 

-19  Chart  of  Isotopic  Ratios  for  sandwich  and  regular  loaded  S95 
test  sample  supernatants  and  precipitates  as  a  function  of 
consecutive  block  measurements 
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TIMS  Results  of  Turrets  Three  through  Five 
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-2  Chart  of  Isotopic  Ratios  for  regular  loaded  test  sample 
supernatants  as  a  function  of  consecutive  block  measurements 
-3  Chart  of  Isotopic  Ratios  for  sandwich  loaded  test  sample 
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-5  Chart  of  Isotopic  Ratios  for  sandwich  loaded  test  sample 
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Estimated  Concentration  of  the  Precipitate  Solutions 
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